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Abstract 
Large scale epidemiological studies have shown that the consumption of whole cereal 
grains, fruits and vegetables is negatively associated with all-cause mortality and a 
decreased risk of developing metabolic syndrome conditions such as insulin resistance 
and cardiovascular diseases. Despite strong correlations between the consumption of 
whole cereal grains, fruits and vegetables and health, there is limited understanding of the 
underlying physiological mechanisms that explain the beneficial effects on health. 
Dietary fibre (DF) is the major non-digestible (in the small intestine) fraction of cereal 
grains, fruits and vegetables and has been associated with nutritional and health benefits 
such as an improved blood lipid profile, glycaemic control, diversity and activity of gut 
microbiota and alterations to rates of passage such as increased gastric retention time. 
These health benefits are thought to be largely dependent on the physico-chemical 
properties of the DF. 
While decreased rates of macronutrient digestion have been observed when soluble 
dietary fibres (SDF) are consumed; increased gastric retention time, small intestinal 
luminal viscosity and reduced enzyme-substrate interactions are thought to be primary 
influencing factors. 
Although, these factors are associated with the consumption of SDF, little is known about 
how cereal and fruit SDF specifically affect digestive enzyme activity in small intestinal 
digesta. This is partially due to the difficulty with collecting small intestinal contents. 
Pancreatic endocrine and enteroendocrine secretions have been extensively studied in 
humans and animals, especially with regards to dietary changes in carbohydrates, fats and 
proteins. However, few studies have determined how adaptation to cereal and fruit SDF 
alters postprandial plasma concentrations. This thesis reports a study on the effect of 
cereal and fruit SDF on elements of digestive physiology including digestive enzyme 
activity, enteroendocrine hormone concentrations including glucose-dependent 
insulinotropic peptide (GIP), glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), 
macronutrient digestion and rates of passage from the stomach to the distal colon.  
In vitro experiments were used to determine how a food component such as granular 
wheat starch affects digestive enzyme activity. By using grower pigs as a human model, 
we hope to clarify how cereal and fruit SDF affect pancreatic digestive enzyme activity in 
the small intestine, pancreatic endocrine and enteroendocrine concentrations and rates of 
passage along the small intestine. By relating these parameters with each other, it is 
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hoped to elucidate mechanisms by which these selected SDF lead to physiological 
changes which may be relevant to long term human health.  
From the current studies using grower pigs adapted to diets containing the fruit SDF pectin 
as an isolated component or as part of dried mango pulp, results showed pectin-fed pigs 
had decreased fat digestion yet increased starch and protein digestion in the small 
intestine. Pancreatic lipase activity determined in the small intestinal digesta of pectin-fed 
pigs was significantly lower when compared with control-fed pigs. The activity of α-
amylase in the duodenum and jejunum of pectin-fed pigs was significantly higher 
compared with control-fed pigs. However, this increase in α-amylase activity was not due 
to increased secretion of α-amylase as determined by an enzyme linked immunosorbent 
assay (ELISA). It is believed that α-amylase was excluded from the volume occupied by 
the pectin, thereby increasing the activity in the rest of the volume. Despite trypsin activity 
in pectin-fed pigs being lower when compared with control-fed pigs, the proteins from the 
diet may have infiltrated the ‘gel matrix’ due to their small size which resulted in increased 
digestion. Pectin-fed pigs had the shortest gastrointestinal transit time which may be 
related to the increased water holding capacity of the pectin diet. Moreover, pectin-fed pigs 
had increased gastric retention times for both the liquid and solid phases when compared 
with control-fed pigs. Mango-fed pigs were observed to have generally intermediate 
physiological responses when compared with control and pectin-fed pigs which may be 
due to pectin in a soluble form versus pectin as part of an insoluble but highly hydrated cell 
wall material.  
Grower pigs were also adapted to diets containing cereal SDFs wheat arabinoxylan (AX) 
and/or oat β-glucan (BG) at 10% inclusion. The results showed that there were major 
differences in physiological responses following consumption of AX or BG individually 
compared with in combination. Individually at two hours postprandial, AX and BG-fed pigs 
had reduced pancreatic α-amylase activity in the duodenum. However, pigs fed the 
combination diet (AXBG; 5%AX and 5%BG), had significantly increased α-amylase activity 
in the duodenum two hours postprandial. The water holding capacity of the AXBG diet was 
significantly lower when compared with the AX or BG diet resulting in a lower power law 
index of gastric contents from AXBG-fed pigs. Furthermore, AXBG-fed pigs appeared to 
be more glucose tolerant when compared with control-fed pigs as they had significantly 
lower plasma insulin concentrations following an oral glucose tolerance test through 
changes that were associated with GIP and PYY mediations, correlating with differences in 
dietary physico-chemical properties. 
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The rate of nutrient digestion and absorption is influenced by a complex interplay of factors 
including enzyme activity, binding, gastric retention time, small intestinal rate of passage 
and hormonal feedback, and these parameters have been shown to be significantly 
influenced by cereal and fruit SDFs.  
Therefore, it appears that there are elements of digestive physiology which are 
significantly affected by the type and concentration of SDF consumed. The information 
gained from this study enhances the knowledge surrounding cereal and fruit SDF and their 
effects on the digestive process, with implications for dietary choices which impact on 
major ‘lifestyle’ diseases of the developed world. 
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Chapter 1 Introduction 
Although global food security has vastly improved during the last half century, there 
is still a significant proportion of the world’s population who do not have constant 
access to nutritious food (Godfray et al., 2010). In developed and emerging 
economies nutritious food is readily available, yet a strong correlation exists between 
these economies and diseases associated with the metabolic syndrome, especially 
obesity, type-2 diabetes and cardiovascular diseases. As such, there are populations 
who live in developed and emerging economies seeking to control their weight while 
those who live in developing economies are looking for the most nutritious and 
energy dense foods.  
Large scale epidemiological studies have shown that the consumption of fruits, 
vegetables and whole cereal grains is associated with improved health (Leenders et 
al., 2013). The health benefits are thought to be due in part to dietary fibres (DF) 
(Park et al., 2011), which are carbohydrate polymers that are not hydrolysed by 
endogenous enzymes in the small intestine of humans (Phillips & Cui, 2011). These 
epidemiological studies have shown that higher total DF intakes are associated with 
lower all-cause mortality (Chuang et al., 2012; Leenders et al., 2014; Liu et al., 
2014). DFs can be classified in terms of their solubility in water, either as soluble 
dietary fibres (SDF) or insoluble dietary fibres (IDF) (Slavin, 2013).  
Despite these compelling epidemiological studies, more work is needed to elucidate 
the mechanisms relating the consumption of DF to improved health. Health benefits 
associated with the consumption of SDF include a) reduced circulating low-density 
lipoprotein-cholesterol (LDL-C), and therefore a reduced risk of developing 
atherosclerosis and myocardial infarctions (Brown et al., 1999; Gunness & Gidley, 
2010); b) increased retention time of stomach contents leading to prolonged satiety 
and a decreased rate of digestion of macronutrients postprandially (Hellström et al., 
2006) and therefore potential for improved weight control (Slavin & Green, 2007); 
and c) increased diversity of large intestinal microbiota and their respective by-
products (Laparra & Sanz, 2010; Williams et al., 2001). Hence, there is a reduced 
risk of developing certain diseases associated with impaired colonocyte cytogenesis 
(Belobrajdic et al., 2011), suppression of potentially pathogenic organisms 
(Cummings & Bingham, 1986) and limited absorption of cytotoxic complexes such as 
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ammonia, a product from protein fermentation, which has been associated with the 
development of colon cancer (Windey et al., 2012). The consumption of IDF is 
known to increase the rate of passage of intestinal contents through the 
gastrointestinal tract (GIT) primarily due to increased retention of moisture which can 
lead to increased laxation (Wilfart et al., 2007). While this can be viewed as a health 
benefit as the risk of developing constipation is reduced (Kranz et al., 2012), if too 
much IDF is consumed, diarrhoea can ensue. Additionally, many IDF are substrates 
for bacteria and therefore promote fermentation (McIntyre et al., 1993). 
The diets in developed and emerging economies are rich in rapidly digestible 
carbohydrates that cause postprandial elevations of glucose and insulin 
(Esmaillzadeh et al., 2007). Understanding the mechanisms behind the health 
benefits associated with the ingestion of SDF and the postprandial attenuation of 
glucose and insulin responses is of importance to the prevention of complications 
relating to diabetes and other metabolic syndrome-associated conditions. Hence, 
this research has focused on the impact of cereal and fruit SDF on elements of 
digestive physiology, specifically, the digestion of macronutrients, the activity of 
pancreatic enzymes in the small intestinal tract, the postprandial enteroendocrine 
hormone responses and the retention and transit time of gastrointestinal contents as 
they pass from the stomach to the distal colon. These elements of digestive 
physiology are central to understanding how consuming cereal and fruit SDF 
influence the rate of digestion of macronutrients and subsequent energy release 
which impact on GIT hormonal responses. 
The information gained from this study will enhance the knowledge surrounding 
cereal and fruit SDF and their effects on certain digestive processes, with 
implications for dietary choices which impact on major ‘lifestyle’ diseases. 
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Chapter 2 Literature Review 
This chapter provides an overview of the effects of cereal and fruit soluble dietary 
fibres on elements of digestive physiology including the activity of pancreatic 
digestive enzymes in the small intestine, digestion of macronutrients, plasma 
concentration of enteroendocrine hormones and rates of passage of gastrointestinal 
contents. More detailed literature reviews are presented in the introduction sections 
of the experimental chapters 3-7 (inclusive). 
2.1 The health benefits of cereal grains, fruits and vegetables  
Around the world, government agencies and health departments responsible for 
projecting how to live a healthy lifestyle advocate the consumption of cereal grains, 
fruits and vegetables (Kranz et al., 2012; Slavin & Green, 2007). In Australia, the 
nutritional guidelines were reviewed by the National Health and Medical Research 
Council and the Department of Health and Ageing on the 18th of February 2013. 
Despite the guidelines providing a clear message of how to eat a nutritional and 
healthy diet highlighting the consumption of cereal grains, vegetables and fruits, the 
prevalence of overweight and obesity in Australian adults ages 18 years and over 
reached 63.4% in 2011-2012 (Walls et al., 2012). Despite the epidemiological based 
knowledge generated from a cohort of studies (Chuang et al., 2012; Jacobs et al., 
2007; Leenders et al., 2013; Park et al., 2011) consumer preference for processed 
foods remains widespread (Weaver et al., 2014). Additionally, lifestyle patterns due 
to either occupation or choice have become increasingly sedentary (Uijtdewilligen et 
al., 2014). The increased consumption of processed foods and sedentary lifestyles 
are two factors which have been shown to be major risk factors in developing type 2 
diabetes, cardiovascular diseases and increasing the prevalence of obesity, which 
are risk factors for the metabolic syndrome (Burkitt, 1975; Kain et al., 2014). 
Processed foods are generally made from refined ingredients, devoid of certain 
components (particularly dietary fibre (DF)) from the raw foodstuffs (Weaver et al., 
2014) as this is thought to improve the shelf life and palatability of food products. 
Due to the knowledge concerning the health benefits behind DF, consumers are 
applying pressure to food companies to incorporate these healthy components into 
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food items. However, alongside adding DFs into processed foods, it is essential to 
understand the effects they will have on elements of digestive physiology. 
Though food processing certainly has its benefits, namely improving shelf life, food 
safety and security, it is also successful in removing core components of the raw 
foods such as DF. Early epidemiological studies by a team of British physicians 
observed that human diseases regularly seen in Western countries were rare in 
parts of the world that still ate primarily unprocessed foods (Burkitt et al., 1972; 
Trowell, 1977). They suggested that the difference in the prevalence of disease was 
due to differences in diet, specifically the difference in intake of DF. Although the 
concept of DF was first introduced by Hipsley in 1953 as non-digestible constituents 
that make up the plant cell walls, this was the first time that a hypothesis linking DF 
to health benefits was suggested. The definition of DF has since been heavily 
discussed with the most recent definition being adopted in 2009 by CODEX 
Alimentarius (Jones, 2013). For the sake of this review, we will categorize DF as 
either soluble (SDF) or insoluble (IDF) in water. 
As DF was ‘ill-defined’ for such a long period of time, research completed until the 
late 20th century did not categorize the type and physico-chemical properties of the 
fibre fractions that were being studied. This creates a problem when referring back to 
earlier studies to compare results. Although the health benefits of DF for animals and 
humans have been studied throughout the past four decades, the effects of SDF 
from cereal grains and fruits on elements of digestive physiology have been less 
researched. In order to understand how SDF affects these systems, pigs are 
frequently used as a human model (Guilloteau et al., 2010). Consequently, in order 
to determine the impact of cereal and fruit SDF on elements of digestive physiology, 
an understanding of SDF chemical structure and related health benefits must be 
established.  
2.1.1 Soluble dietary fibre and the digestion of macronutrients 
Dietary fibre is a collective term for a variety of plant substances that are resistant to 
digestion by mammalian gastrointestinal digestive enzymes (Jones, 2013). Prior to 
1965, DF was referred to as roughage, bulk or ballast and measured as crude fibre 
(Chawla & Patil, 2010). For the purpose of this review, we will focus mainly on the 
less studied effects of SDF on elements of digestive physiology. While consumption 
of IDF is related to increased stool size, increased retention of water in the stools 
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and increased bowel movements, our interest lies with the natural gel-forming 
viscous SDF including pectin and hemicelluloses arabinoxylan and β-glucan 
(Theuwissen & Mensink, 2008). The digestion and absorption of macronutrients 
along the small intestinal tract has been researched since the early 1900’s (Cajori, 
1933; Pavlov, 1902). In order to understand mechanisms behind these physiological 
processes, simple test meals comprised of a few components were initially devised 
and fed to humans and animals. The test meals have since become more 
representative and nutrient specific, looking at the effects of certain fats, starches, 
proteins and DFs, including an array of SDF (Christensen et al., 2013; Le Gall et al., 
2009; Nielsen et al., 2014; Souza da Silva et al., 2014). 
The generally accepted view is that the consumption of SDF slows the process of 
digestion through increased gastric retention time and increased gastric and small 
intestinal lumen viscosity (Slavin, 2005) which impacts the ability of digestive 
enzymes to form enzyme-substrate complexes and hence reduce the rate of 
digestion and absorption in the small intestine (Dhital et al., 2014; Schneeman, 
1990). Interactions between SDF and gut microbiota have been recently reviewed 
(Heinritz et al., 2013) with links between the impact of DF and the animal’s immune 
response (Hahn et al., 2006; Reilly et al., 2008). As research continues to provide 
new insights into the mechanisms behind the health benefits of consuming DF, the 
following diagram (Figure 1) should expand to include them (Slavin, 2005). This 
thesis will contribute to this physiology map incorporating new digestive physiological 
mechanisms focusing on the hormonal effects pathway. A revised physiology map is 
included in chapter 8 incorporating the findings from the current study. 
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Figure 1: How dietary fibre affects physiological measurements (Slavin, 2005) 
DFs have been shown to act as ‘carriers’ of nutrients such as polyphenols through 
the digestive tract (Padayachee et al., 2012). The concept that food components can 
act as transporters for digestive enzymes has been hypothesized (Layer et al., 1986) 
but remains to be further investigated. Moreover, no specific explanation has been 
given to explain changes in pancreatic digestive enzyme activity in the small 
intestine when SDFs are consumed. Changes in enzyme activity are stated but links 
to enteroendocrine hormonal feedback need to be strengthened.  
2.2 Soluble dietary fibres – arabinoxylan, β-glucan and pectin 
2.2.1 Dietary source of arabinoxylan, β-glucan and pectin 
Foods rich in SDF include dried beans, especially black and lima beans, lentils, oats, 
barley, passion fruit, avocados, cucumbers, carrots, oranges, apples and sweet 
potato. However, for the purpose of this thesis the SDF studied were arabinoxylan 
and β-glucan derived from cereal grains (wheat and oat) and pectin derived from 
fruits (mango and apple). These foods are widely consumed in Australia and many 
other countries. 
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Arabinoxylans are major components of the cell walls of cereal grains which 
significantly influence the behaviour of the grain during milling, the quality of the 
flour, and therefore the quality of the final food product such as bread. For the 
purpose of this study a soluble fraction of arabinoxylan was used. The use of soluble 
fractions of wheat arabinoxylan has been previously documented with regards to 
fermentable properties and postprandial glucose responses (Christensen et al., 
2013; Lu, Gibson, et al., 2000; Lu, Walker, et al., 2000). A whole wheat grain (Figure 
2) can be broken down into three component layers that have different nutritional 
attributes. Starting with the outer layer of the grain, the bran consists of the aleurone 
and pericarp. Internally, a whole grain contains a germ and an endosperm. When a 
whole grain is milled or processed, the bran and the germ are commonly removed 
resulting in refined flour, or ‘white flour’. Removing the bran and germ from flour, 
where most of the IDF and some of the SDF resides, gives an energy dense but 
nutritionally poor staple food (Jensen et al., 2004; Slavin, 2000). The wheat grain is 
made up of an outer layer of bran and an inner compartment, the endosperm, which 
are rich sources of arabinoxylan. The non-starch polysaccharides (NSP) in wheat 
bran are 64-69% AX and 15-31% cellulose, whereas NSPs in wheat endosperm are 
70% arabinoxylan and 20% β-glucan. 
 
Figure 2: Detailed wheat section (Fardet, 2010) 
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2.2.2 Chemical structure 
 Solubility is related to the structure of polysaccharides. With irregular structures (e.g. 
β-glucan) and substitution patterns (e.g. arabinoxylan) favouring solubility whereas 
regular repeating structures often lead to the facile formation of unsubstituted 
regions (e.g. cellulose, xylan, amylose). The presence of charged groups such as 
COO- (e.g. pectin) also increases solubility (Elleuch et al., 2011). 
Arabinoxylans (AX) (Figure 3A) consist of a xylan backbone with L-arabinofuranose 
(L-arabinose in its 5-atom ring form) attached irregularly by 1α→2 and/or 1α→3 
linkages to the xylose backbone units throughout the chain (Izydorczyk & Biliaderis, 
1995). Since xylose and arabinose are both pentoses, AX are often classified as 
pentosans (Hoffmann et al., 1992) and can be subdivided into water soluble and 
water insoluble fractions (Kong & Singh, 2008).  
Β-glucans (Figure 3B) are soluble fibres that are located in endosperm cell walls of 
cereals. They consist of linear unbranched polysaccharides of β-D-glucose like 
cellulose, but with one 1β→3 linkage for every three or four 1β→4 linkages (Wood, 
2007). β-glucans form long cylindrical molecules containing thousands of glucose 
units. Oat and barley are rich sources of β-glucans whereas rye and wheat have 
lower concentrations. 
Pectin (Figure 3C) is a complex polysaccharide that acts as a cementing material in 
the cell walls of many plant tissues (McNeil, 1984). It contains several sub-structures 
including homogalacturonan, the partial methyl ester of polygalacturonic acid, which 
consists of chains of 300 to 1000 galacturonic acid units joined with 1α→4 linkages. 
The galacturonic acid main chain also has regions (rhamnogalacturonan I) which 
contain alternating galacturonic acid and rhamnose residues with side chains 
containing arabinose and galactose residues attached to many rhamnose residues 
which disrupt ordered chain conformations (Jian et al., 1982). Levels of free 
carboxylic groups can vary as well as the degree of esterification. The water holding 
capacity of pectin is high due to the high degree of flexibility and hydrophilic nature of 
the various sub-structures. Viscosity is correlated to molecular weight and can be 
influenced by the level of esterification through calcium cross-linking of un-esterified 
galacturonic acid regions, and has been shown to influence the rate of digestion and 
absorption of macronutrients in the small intestine (McNeil, 1984). Although most 
fractions of pectin are soluble and able to exert viscosity effects directly, it is the 
9 
 
combination of insoluble and soluble portions which lead to a high capacity of water 
binding when present in cell wall food structures such as fruit pulps, which 
contributes to the dietary physiological responses observed in animals (Van Buren, 
1991). 
 
Figure 3: Example molecular structures of arabinoxylan (AX), (1, 3:1, 4)-β-D-glucan (BG), and 
pectin adapted from McKee et al., (2012), Rahar et al., (2011) and Raj et al., (2012) respectively 
2.2.3 Health benefits associated with arabinoxylan, β-glucan and pectin  
There is increasing evidence of health benefits associated with the consumption of 
SDF. Epidemiological studies have not yet separated results based on the chemical 
composition and nature of the dietary fibre. However, the general conclusions 
suggest that the consumption of SDF-rich foods is inversely related to developing 
certain diseases and cancers, improved weight management and blood cholesterol 
(Anderson et al., 2009; Brown et al., 1999; Fardet, 2010; Fonseca Wald et al., 2014; 
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Gemen et al., 2011; Gunness & Gidley, 2010; Howarth et al., 2001; Jonnalagadda et 
al., 2011; Park et al., 2011; Queenan et al., 2007; Shelat et al., 2010; Slavin, 2004; 
Wilfart, Montagne, Simmins, van Milgen, et al., 2007). Health benefits are thought to 
arise from, for example, a change in the rate of digestion and absorption of nutrients, 
potentially due to increased gastric retention time, increased viscosity in the small 
intestine thereby altering the digestion of macronutrients in the small intestine 
(Christensen et al., 2013). 
2.3 Effect of soluble dietary fibres on elements of digestive physiology  
The physiology map (Figure 1) published by Slavin (2005) which was adapted from 
(Mohnen, 2008) links mechanisms between the consumption of DF and decreased 
body weight. This physiology map has been used frequently to discuss benefits of 
DF with regards to body weight control and provides a physiological network to 
which future research findings can contribute. As research in this area continues to 
reveal more intricate differences (Gidley, 2013; Voragen et al., 2009), this diagram 
should continue to be updated. 
2.3.1 Pancreatic digestive enzymes  
The secretion of digestive pancreatic enzymes is primarily influenced by the 
digestion and absorption of nutrients in the small intestine. Generally, the 
consumption of SDFs increases the viscosity of small intestinal luminal contents 
(Christensen et al., 2013). As a result, the hydrolysis of macronutrients in the small 
intestine is reduced and a larger proportion of undigested nutrients reach the 
terminal ileum. Undigested lipids and proteins have been found to influence the 
secretion of gut peptides more so than undigested polysaccharides (Pereira & 
Ludwig, 2001; Wanders et al., 2014). Cholecystokinin (CCK) and peptide tyrosine 
tyrosine (PYY) influence pancreatic digestive enzyme secretion in opposing ways. 
PYY is anorexigenic while CCK stimulates enzyme secretion (Dockray, 2012; 
Manning & Batterham, 2014). While the relation between gut peptides and 
pancreatic secretions is seen as highly interlinked, more work is needed to elucidate 
the effect of SDFs on gut peptide secretions and therefore, digestive pancreatic 
enzyme secretion. Certain in vitro experiments have suggested that the charge of a 
SDF can alter enzyme activity (Dunaif & Schneeman, 1981). 
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In animal experiments using grower pigs, Mosenthin et al. (1994) reported no effect 
of citrus pectin (7.5% inclusion) with a degree of esterification 60-65% on activities of 
pancreatic enzymes trypsin, chymotrypsin, α-amylase or lipase in small intestinal 
contents. Human nutritional studies report the effects of IDF more so than SDF and 
show either no influence or a reduction on the secretion and activity of pancreatic 
enzymes (Daou & Zhang, 2012; Kiszonas et al., 2013). 
2.3.2 Pancreatic endocrine secretions 
The endocrine cells are mainly grouped into the islets of Langerhans of the 
pancreas, which are compact spheroidal clusters embedded in the exocrine tissue. 
There are four principal types of endocrine cells. The β cells secrete insulin and also 
an insulin antagonist called amylin and make up the majority of cells in the islets. 
The α cells secrete glucagon, δ cells secrete somatostatin and the pancreatic 
polypeptide (PP) cells secrete pancreatic polypeptides. Insulin secretions are 
generally decreased when SDFs are consumed, as retention time of gastric contents 
is increased (Gemen et al., 2011). Consequently, the digestion of carbohydrates in 
the small intestine is delayed, which delays postprandial glucose uptake into the 
blood stream. A significant amount of work has been done to determine the link 
between the incretins and their effect on insulin secretion and has been extensively 
reviewed by Baggio (2007). However, few studies have looked at how SDFs 
influence this pathway (Hooda et al., 2010; Juntunen et al., 2002).  
The enteroendocrine hormones are thought to affect exocrine pancreatic secretions 
as a result of undigested nutrients being detected by specific cells in the small and 
large intestine (Steinert et al., 2013), they are summarized in Table 1 and are 
discussed in more detail in section 2.3.3. 
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Table 1: Enteroendocrine hormones and their effect on pancreatic secretions 
Hormone/gut 
peptide 
Digestive physiology 
effects 
Dietary stimuli for 
release/inhibition 
Releasing tissue Reference 
Cholecystokinin 
(CCK): 
Stimulates secretion of 
pancreatic enzymes (main 
effect on proteolytic 
enzymes), bile acids and 
regulates gut motility and 
gastric emptying. 
Protein and fat are the 
most potent 
secretagogues but also 
responds to 
carbohydrates. 
Duodenal I cells and 
jejunal mucosa 
(Cloetens et al., 2012; 
Pereira & Ludwig, 2001; 
Wanders et al., 2014; 
Willats et al., 2001) 
Glucagon-like 
Peptide-1(GLP-
1) 
Incretin effect (glucose 
dependent insulin secretion) 
and slows gastric emptying, 
promotes satiety. 
Carbohydrates are the 
most potent 
secretagogues but also 
respond to protein, fat 
(depends on chain 
length). 
Distal ileum and 
colon L-cells 
(Baggio & Drucker, 2007; 
Drucker, 2007; Gidez, 1973) 
Glucose-
dependent 
insulinotropic 
Incretin effect (glucose 
dependent insulin 
secretion). 
Carbohydrates are the 
most potent 
secretagogues. 
Duodenal and 
proximal jejunum K 
cells 
(Baggio & Drucker, 2007; 
Dukehart et al., 1989) 
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polypeptide 
(GIP) 
Peptide YY 
(PYY) Anorectic 
hormone 
Inhibits enzymatic and 
volume secretion. 
Fat, fatty acids, protein 
Distal ileum, colon, 
duodenum L-cells 
(Cooper, 2014; Manning & 
Batterham, 2014) 
Secretin 
Stimulates secretion of fluid 
and bicarbonate, slows 
gastric emptying. 
Unbuffered H+ in the 
duodenum. 
Duodenal and jejunal 
mucosa 
(Liddle et al., 1986) 
Bombesin 
Stimulates protein and 
volume secretion, delays 
gastric emptying 
Accumulation of food 
in the stomach 
Gastric mucosa 
(Lee et al., 1994; Sommer & 
Kasper, 1980) 
Enterostatin Inhibits pancreatic secretion. Fat, protein 
Pancreatic tissue 
cells 
(Sommer & Kasper, 1980) 
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2.3.3 Gut peptides and effects on pancreatic function 
The rates of which gastric contents leave the stomach and enter the duodenum are 
controlled by a number of factors, including fat, acid, hypertonicity and distension. 
The presence of one or more of these stimuli in the duodenum activates appropriate 
duodenal receptors, triggering either a neural or hormonal response that slows 
gastric motility by reducing the excitability of the gastric smooth muscle. The 
subsequent reduction in antral peristaltic activity slows down the rate of gastric 
emptying. The neural response is mediated through both the intrinsic nerve plexus 
and the autonomic nerves. Collectively, these are called the enterogastric reflex 
(Sherwood et al., 2012). 
The hormonal response involves the release from the duodenal mucosa of several 
hormones collectively known as enterogastrones. These hormones are transported 
by the blood to the stomach, where they inhibit antral contractions to reduce gastric 
emptying. Three of these enterogastrones have been positively identified: secretin, 
cholecystokinin (CCK) and gastric inhibitory peptide now referred to as glucose-
dependent insulinotropic polypeptide (GIP).  
Secretin was first discovered in 1902 as it was a secretory product that entered the 
blood in response to an increase in acidity in the duodenum (Bayliss & Starling, 
1902). The name cholecystokinin derives from the fact that this same hormone also 
governs contraction of the bile containing gallbladder. GIP is a peptide hormone that 
inhibits stomach motility (Sherwood et al., 2012). Oral glucose administration is 
associated with a much greater increase in plasma insulin when compared with the 
same amount of glucose administered intravenously. This phenomenon has been 
termed the incretin effect. It is estimated that 50-70% of insulin secreted after oral 
administration is due to this incretin effect. Incretins are therefore hormones that are 
secreted by the GIT into the circulation in response to nutrient ingestion (Baggio and 
Drucker 2007). Further, the difference between insulin secretions as a result of a 
carbohydrate rich meal compared with an oral glucose challenge with similar 
carbohydrate loads has not been investigated. GIP is released from K cells of the 
small intestine, located to more proximal regions, the duodenum and proximal 
jejunum, primarily in response to glucose or fat ingestion and potentiates glucose-
stimulated insulin secretion. Glucagon-like peptide-1 (GLP-1) is released from the 
intestinal endocrine L cells, located mainly at the distal ileum and colon. GLP-1 
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secretion is biphasic commencing with an early and quick 0-15 minutes phase 
(thought to be controlled by the autonomic nervous system) followed by a longer 30-
60 minute phase (thought to be controlled by nutrients passing into the ileum). GIP 
has no effect on GLP-1 secretion in humans (Baggio and Drucker 2007). It is 
unknown if SDFs have similar abilities to change GIP and GLP-1 responses and in 
doing so reduce postprandial insulin responses. 
Fat is considered to be the most potent stimulus for inhibition of gastric motility. Fat 
is digested and absorbed more slowly that the other nutrients (Pereira & Ludwig, 
2001). Fat digestion and absorption take place primarily within the lumen of the small 
intestine. Therefore, when fat is already present in the duodenum, further gastric 
emptying of more fatty contents into the duodenum is prevented until the small 
intestine has processed the fat already there. This has been shown through human 
experiments where a fatty meal can take over six hours to be emptied from the 
stomach as opposed to a lean meal which can take only three hours to be emptied 
(Sherwood et al., 2012). 
The stomach secretes acidic chyme into the duodenum where it is neutralized by 
sodium bicarbonate secreted by the pancreas. Small intestinal contents that are not 
neutralized sufficiently can inhibit the stomach from emptying any further chyme until 
the correct pH is reached. 
As molecules of protein and starch are digested in the duodenal lumen, large 
numbers of amino acid and glucose molecules are released. If absorption of these 
amino acid and glucose molecules does not keep pace with the rate at which protein 
and carbohydrate digestion proceeds, these large numbers of molecules remain in 
the chyme and increase the osmolarity of the duodenal contents. Osmolarity 
depends on the number of molecules present, not on their size. As water is freely 
diffusible across the duodenal wall, water enters the duodenal lumen from the 
plasma as the duodenal osmolarity rises. Large volumes of water entering the 
intestine from the plasma lead to intestinal distension which can also lead to 
circulatory disturbances as a result of large changes in plasma volume. To prevent 
these effects, gastric emptying is inhibited when the osmolarity of the duodenal 
contents starts to rise. Therefore, too much chyme in the duodenum inhibits the 
emptying of even more gastric contents, thus allowing the distended duodenum time 
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to cope with the excess volume of chyme it already contains before it receives an 
additional quantity. 
Stress can also influence gastric motility. Stress acts through the autonomic nerves 
to influence the degree of gastric smooth muscle excitability. It has been reported 
that fear tends to decrease gastric motility whereas aggression tends to increase it. 
Intense pain from any part of the body tends to inhibit motility, not just in the stomach 
but throughout the digestive tract. This response is brought about by increased 
sympathetic activity and a corresponding decrease in parasympathetic activity 
(Sherwood et al., 2012). Stress levels and associated hormones need to be 
considered and be reduced to an acceptable level when investigating digestive 
parameters.  
The rate of gastric secretion can be increased by 1) factors arising before food 
reaches the stomach, 2) factors resulting from the presence of food in the stomach 
and 3) factors originating in the duodenum after food has left the stomach. 
Accordingly, gastric secretion is divided into three phases, cephalic, gastric and 
intestinal phases. 
The cephalic phase contributes to gastric secretions in response to food related 
stimuli acting in the brain, such as thinking about, tasting, smelling, chewing and 
swallowing food (Nederkoorn et al., 2000). This increased secretion, which occurs 
even before food reaches the stomach, is known as the cephalic phases of gastric 
secretion. It is mediated by means of vagal nerve activity. 
Pancreatic exocrine secretion is regulated primarily by hormonal mechanisms. A 
small amount of parasympathetic secretion occurs during the cephalic phase of 
digestion with a further increase occurring during the gastric phase in response to 
gastrin. However, the predominant stimulation of pancreatic secretion occurs during 
the intestinal phase of digestion, when chyme enters the small intestine. As 
discussed earlier, the release of the two major enterogastrones, secretin and CCK 
play a central role in the control of pancreatic secretion.  
The primary stimulus for secretin release is acid in the duodenum. Secretin in turn is 
carried by the blood to the pancreas where it stimulates the duct cells to markedly 
increase their secretion of bicarbonate rich aqueous fluid into the duodenum. This 
mechanism provides a control system for maintaining neutrality of the chyme in the 
intestine. The amount of secretin that is released is proportional to the amount of 
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acid that enters the duodenum, so the amount of bicarbonate secreted parallels the 
duodenal acidity. CCK is important in the regulation of pancreatic digestive enzyme 
secretion and the main stimulus for release of CCK from the duodenal mucosa into 
the blood is the presence of nutrients in the lumen, especially fat and, to a lesser 
extent, protein products. The circulatory system transports CCK to the pancreas 
where it stimulates the pancreatic acinar cells to increase digestive enzyme 
secretion.  
All three types of pancreatic enzymes (amylase, lipase, and protease) are packaged 
together in the zymogen granule, so all the pancreatic enzymes are released 
together on exocytosis of the granules. It is believed that even though the total 
amount of enzymes released varies depending on the type of meal consumed, the 
proportion of enzymes released does not vary greatly on a meal to meal basis 
(Pandol, 2011; Partridge et al., 1982). However, there is evidence that long-term 
exposure to a certain diet can have an effect on the proportion of enzymes secreted 
(Corring, 1980). 
Peptide YY was first discovered in porcine intestine in 1980. It is a 36 amino acid 
peptide and is mostly secreted from the endocrine L-cells of the ileum, colon and 
rectum. PYY mRNA has also been found in other areas of the body including the 
stomach, duodenum, jejunum, pancreas and brain stem. Its secretion is initiated 
either by direct luminal contact of nutrients with the endocrine cells or indirectly 
through neurohormonal signals. PYY exists in two forms; PYY1-36 and PYY3-36. 
PYY has multiple functions including slowing gastric retention emptying and GIT 
motility, inhibiting the secretion of gastric acid and pancreatic exocrine enzymes and 
has been known to regulate food intake (Cooper, 2014). PYY secretion is affected by 
things other than food consumption such as intestinal peristalsis and intraluminal 
nutrients. PYY acts on the arcuate nucleus of the hypothalamus by targeting the 
neuropeptide Y neurons. PYY is able to cross the blood brain barrier freely. It has 
been suggested that chronic intake of a fibre supplement or a higher (insoluble and 
soluble) fibre diet appears to increase fasting PYY levels while post-meal responses 
following either acute meals or chronic feeding studies remain controversial. This 
thesis will contribute information to this field and provide greater insight into the 
postprandial response of PYY to the SDFs arabinoxylan, pectin and β-glucan. 
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2.4 Effect of soluble dietary fibres on mean retention time 
It has been previously shown that DFs have the ability to alter the time nutrients 
spend in each compartment along the GIT. Generally, there is an association with a 
reduced rate of gastric emptying and delayed nutrient absorption. This has been 
shown to attenuate postprandial glucose and insulin responses (Yu et al., 2014) and 
prolong the feelings of satiety (Pond et al., 1985). The common finding when 
reviewing previous studies which focused on the effects of SDF on gastric retention 
time was that the liquid phase remained in the stomach for a significantly longer time 
potentially due to the increased viscosity of the gastric contents (Hartnell & Satter, 
1979b; Knudsen, 2001; McIntyre et al., 1993; Rainbird & Low, 1986). In the small 
intestinal tract, SDFs have been shown to primarily interfere with the digestion and 
absorption of nutrients yet few refer to changes in passage rates. Due to practical 
difficulties of collecting small intestinal digesta from numerous sites between the 
duodenum and the ileum, few studies have determined the rate of passage along the 
length of the small intestine. Those that determined changes in passage rates in the 
small intestine relied on one or two cannulas inserted into specific regions of the 
small intestine, usually the duodenum or the ileum (Gidenne, 1992). The effects of 
IDF in the GIT have been more extensively studied (Ehle et al., 1982; Owusu-Asiedu 
et al., 2006; Wilfart, Montagne, et al., 2007a) and conclude that IDF promotes large 
intestinal passage due to increased bulk and water retention of digesta.  
Potkins and colleagues (1991) concluded that guar gum and pectin (10 and 50 g/kg) 
did not significantly affect total tract mean retention time (MRT) (Owusu-Asiedu et 
al., 2006; Potkins et al., 1991). There are a number of factors other than diet that 
have been shown to influence MRT, including weight (Le Goff et al., 2002), age 
(Almirall & Esteve-Garcia, 1994) and feeding frequency (Goetsch & Galyean, 1983). 
Reported literature values for MRT in the stomach of pigs vary greatly and range 
between 1 to 7 hours (Guerin et al., 2001; Van Leeuwen et al., 2006), strongly 
influenced by dietary components. Previous studies have reported that MRT in the 
stomach was decreased as a result of guar gum and pectin (Potkins et al., 1991) or 
not influenced at all (Latymer & Low, 1985). Potkins and colleagues (1991) 
cannulated the stomach of eight 40 kg pigs at the pyloric-fundic junction. During the 
experimental procedure the pigs were fed a meal of known quantity and dry matter 
(DM), at designated time points (0.5, 1, 2, 4 or 7.5 h post feed) stomach contents of 
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pigs were emptied and the DM determined of the collected samples. The decrease in 
the total DM in the stomach compared to what was fed was calculated and from this 
the rate of gastric emptying determined. Inferring the rate of gastric emptying from 
the amount of DM determined in the stomach contents is neglecting the fact that 
gastric contents and digesta are comprised of both a liquid and a solid phase. 
Potkins and colleagues (1991) recovered less DM in stomach contents from pigs fed 
guar gum and pectin from 1-4 hours postprandial and hence did not determine the 
amount of liquid in the stomach at these times points. Pectin has a high affinity for 
water and creates a gel in the stomach restricting the liquid phase to pass through 
the pyloric valves (Drochner et al., 2004).  
2.5 The exocrine and endocrine pancreas 
2.5.1 General anatomy and innervation of the pancreas 
In humans the pancreas consists of an organ of 70-150 grams measuring 15-25 cm 
in length. It is connected to the duodenum by the ampulla of Vater, where the main 
pancreatic duct joins with the common bile duct. In the human, the terms head, neck, 
body and tail are used to designate regions of the organ from proximal to distal 
(Slack, 1995). The pig digestive system has been used to model that of a human 
throughout the last four decades (Strathe et al., 2008). The essential organs, mouth, 
stomach, small and large intestine differ mainly by length and size. Pigs have a large 
caecum while humans do not. The small intestine of an adult pig is around 15-20 
meters long while their large intestine has an average length of four to six meters. 
The small intestine of a human adult averages around five to seven meters length 
while the large intestine is around one and half meters long (Patterson et al., 2008). 
The pancreas is comprised of two morphologically distinct tissue types, exocrine 
cells (including acinar cells, centro-acinar cells and ducts) which make up 90-95% of 
the pancreatic tissue and secrete enzymes into the digestive tract (Brannon, 1990). 
The acinar cells are specialized to synthesize and store digestive enzymes in 
secretory vesicles (zymogen granules) and release the enzymes in response to 
various secretagogues. The basolateral membrane of the acinar cells displays 
various receptors for secretagogues, including cholecystokinin (CCK) and 
neurotransmitters such as acetylcholine (Ach), gastrin releasing peptide (GRP) and 
vasoactive intestinal peptide (VIP). The centro-acinar cells and duct cells are largely 
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responsible for the bicarbonate and water secretion. Hormones such as CCK and 
secretin and neuro-transmitters such as Ach or GRP induce the fusion of zymogen 
granules with the apical plasma membrane of acinar cells resulting in the release by 
exocytosis of digestive enzymes into the pancreatic duct system (Konturek et al., 
2003). Endocrine cells (islets of Langerhans) only make up around 2-3 % of 
pancreatic tissue and secrete hormones including insulin and glucagon into the 
bloodstream, making it a duo-functionary gland (Henderson et al., 1981). The pattern 
of the circadian rhythm of pancreatic secretion in fed pigs has been studied and 
reported to be influenced by frequency of feeding and time of day (Thaela et al., 
1995). Exocrine pancreatic secretions follow a biphasic circadian pattern. The first 
phase is characterized by a simultaneous increase of fluid and enzyme outflow that 
appear immediately after each meal. The second phase lasts longer than the first 
and occurs between meals however, the contents of this secretion are lower in 
enzymes. Endocrine pancreatic secretion in pigs is thought to be monophasic and is 
similar to the first phase in exocrine pancreatic secretions, whereby secreted 
hormones increase after each meal. 
2.5.2 Macronutrient influence on pancreatic function 
Although there is still no firm conclusion whether the release of pancreatic enzymes 
is independent of each other (Brownlee et al., 2010), the influence of macronutrients 
on the release of pancreatic digestive enzymes has been studied extensively (Table 
2), primarily using the rat as a model. Due to minimal work with pigs, rat models are 
also considered here. 
2.5.2.1 Carbohydrates 
The evidence that the pancreas has the ability to adapt to changes in dietary 
macronutrients is quite strong. Studies have been performed on pigs (Ozimek et al., 
1985) and rats (Forman & Schneeman, 1980; Grossman et al., 1943) and in both, 
the secretion of α-amylase has been shown to vary depending on the content of 
dietary starch. However, other research groups have reported that starch did not 
significantly influence the activity of α-amylase (Partridge et al., 1982) and so debate 
still remains whether dietary starch has the ability to change the secretion of 
pancreatic α-amylase (Corring & Chayvialle, 1987). Although the pancreas has been 
shown to have the ability to change the composition of its secreta, it has been 
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reported that this occurs only after a certain length of exposure. In other words, the 
pancreatic secretions do not vary significantly from one meal to another. Proteins 
and fats are said to influence the pancreatic secretions more so than carbohydrates 
(Corring, 1980; Partridge et al., 1982). 
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Table 2: Effect of dietary components on pancreatic enzyme secretions in pigs and rats  
Animal 
Number 
of 
Animals 
Collection 
Method, 
site 
Type of 
Starch in 
control 
Replaced 
by: 
Effect on 
Amylase 
Effect on 
trypsin 
Effect on 
lipase 
Reasoning 
Author, 
year 
Pigs 4 
Duodenum 
pouch 
method 
Corn-starch: 
Cont. diet: 
49.9g/100g 
Pectin diet: 
42.4g/100g 
Citrus 
pectin 
(7.5%) 
Significantl
y lower 
secretion 
of amylase 
No effect 
on 
trypsin, 
chymotry
psin 
No effect on 
lipase 
Direct result 
of the 
replacement 
of starch by 
pectin 
(Mosenthin 
et al., 
1994) 
Rats 24 
Death, 
Pancreas 
removed, 
frozen and 
then 
lyophilized 
Starch 
(undefined) 
But it appears 
that the 
pectin is 
directly 
replacing the 
starch 
Pectin 
(detail not 
given) 
Pectin at 
the low 
level fat, 
increased 
amylase 
and trypsin 
Pectin 
chymotry
psin 
levels 
Pectin 
increased 
lipase, 
Depending 
on fed 
status 
Changes in 
fat 
influenced 
enzyme 
composition 
but not 
pectin 
(Forman & 
Schneema
n, 1980) 
Rats Not given 
Death, 
pancreas 
excised 
and frozen 
in liquid 
Nitrogen 
Dextrose 
55g/100g 
5% highly 
methoxylat
ed pectin 
No effect No effect No effect 
Did not 
measure 
enzymes in 
the SI. 
(Calvert et 
al., 1985) 
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Pigs 6 
Chronic 
pancreatic 
duct 
catheter 
and T 
shaped 
duodenal 
cannula 
Olive and 
coconut oil 
Oils were 
exchanged 
Did not 
report 
No 
difference 
in protein 
and 
trypsin 
outputs 
with 
different 
fats. 
Lipase 
increased 
due to olive 
oil 
Immediate 
response of 
pancreatic 
secretion, 
due to feed 
intake but 
also fat 
composition 
(olive oil, 
long chain 
unsaturated 
fatty acids 
(Jakob et 
al., 2001) 
Pigs 10 
T cannula 
at the 
jejunum 
Aiming to 
quantify 
digestive 
enzymes in 
the jejunum 
Did not 
report 
108±9 
U/mL 
43.9±2 
U/mL 
0.416±0.12 
U/mL 
Secretion 
changed 
due to 
changes in 
crude 
protein and 
digestible 
energy 
value 
(Fang et 
al., 2012) 
Pigs 128 Not given 
Corn-
Soybean 
Meal  
Fructooligo
saccharide
s (FOS) at 
the 
expense of 
Corn 
(0,2,4,6,g/k
g) 
Increased 
as FOS 
increased 
Increased 
as FOS 
increased 
No change 
Did not 
report 
(Xu et al., 
2002) 
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Piglets 18 
Pancreatic 
catheter 
Restricted 
feed against 
increasing 
feed (feed 
quantity) 
Did not 
report 
Not 
affected 
Affected Not affected 
Did not 
report 
(Huguet et 
al., 2006) 
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2.5.2.2 Proteins 
The type and amount of dietary proteins can have a major influence on the 
composition of the pancreatic juice. It has been shown in rats (Green et al., 1973; 
Reboud et al., 1966) and in pigs (Makkink et al., 1994) that pancreatic secretions can 
be altered due to a change in dietary protein content. The amounts of undigested 
proteins that reach the terminal ileum are thought to trigger a secretory response of 
cholecystokinin (CCK) which stimulates the pancreas to secrete more proteases 
along with an increase in lipase and amylase secretion to ensure complete 
proteolysis (Corring & Chayvialle, 1987). 
2.5.2.3 Lipids 
High fat diets have also been shown to increase pancreatic lipase secretion in rats 
(Deschodt-Lanckman et al., 1971), pigs (Corring & Muorot, 1979) and humans 
(Boivin et al., 1990). Protease and amylase secretions increase due to high fat diets 
but not to the same degree as lipase (Corring, 1980). Moreover, the secretion levels 
of gastric lipases have also been found to adapt to high fat diets (Armand et al., 
1992). The amounts of undigested lipids that reach the terminal ileum are thought to 
trigger a secretory response of cholecystokinin (CCK) which stimulates the pancreas 
to secrete more lipases to ensure complete lipolysis. 
2.5.3 Composition of pancreatic juice 
2.5.3.1 Activation of pancreatic digestive enzymes 
As previously mentioned, the exocrine pancreas is a lobulated, branched, acinar 
gland. There are at least 22 pancreatic enzymes, including proteases, amylase, 
lipases and nucleases (Pandol, 2011). Some are secreted as inactive precursors 
and become activated after they enter the duodenum. Activation of these inactive 
precursors or zymogens is initiated by a cascade mediated by enterokinase, a 
protein which resides in the intestinal epithelium. Enterokinase transforms 
trypsinogen to trypsin which activates the zymogens of all the proteolytic enzymes 
(Whitcomb & Lowe, 2007). Pancreatic α-amylase and pancreatic lipase are secreted 
as active enzymes.  
Proteolytic enzymes act both as endopeptidases and exopeptidases as they cleave 
proteins at specific sites along the protein chain. Trypsin hydrolyses peptide bonds 
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between ARG (arginine) and LYS (lysine), whereas chymotrypsin cleaves the 
peptide bonds between LEU (leucine) and MET (methionine) and at the aromatic 
amino acids PHE (phenylalanine), TYR (tyrosine) and TRP (tryptophan) (Figure 4). 
 
Figure 4: Schematic illustrating the two β barrel structure of trypsin (Vandermarliere et al., 
2013).  
Alpha-amylase is the only glycosidic enzyme of the exocrine pancreas. It cleaves 1,4 
glycosidic bonds in dietary starch, breaking these complex starch molecules into 
small oligosaccharides, mostly maltose and maltotriose, which are further hydrolysed 
to glucose by maltase-glucoamylase or sucrose-isomaltase, enzymes located in the 
brush border membrane of the mucosa in the small intestine. 
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Figure 5: Schematic representation of the polypeptide chain fold of human pancreatic α-
amylase with domains A, B and C and calcium and chloride binding sites. N and C terminals 
ends have been labelled. The eight-stranded parallel β-barrel that forms the bulk of domain A 
is believed to contain the active site region (Brayer et al., 1995). 
Lipolytic enzymes are secreted by the pancreas and digest dietary lipids. Lipids or 
fats are non-soluble in water which explains why dietary fat has to be emulsified by 
bile salts and phospholipids secreted into the duodenum before being hydrolysed. 
There are three lipolytic enzymes secreted by the pancreas into the duodenum; 
pancreatic lipase, carboxylester hydrolase and phospholipase A2. Colipase is an 
essential cofactor in lipid digestion and is secreted into the duodenum in its inactive 
form procolipase which is also activated by trypsin. All lipolytic enzymes hydrolyse 
triacylglycerides to fatty acids and to glycerol, mono-or diacylglycerides. Human 
pancreatic lipase has been shown to have two clearly distinct structural domains 
(Winkler et al., 1990). The N-terminal domain (residues 1-335) which has an α/β-
hydrolase fold carries the active site, while the C-terminal domain (residues 336-449) 
forms a β-barrel structure and provides the main colipase binding site (Van Tilbeurgh 
et al., 1999). The total buried surface between colipase and the C-terminal domain of 
lipase was determined to be 1212 Å2 which is at the lower side of values of typical 
protein-protein complexes (Conte et al., 1999). A smaller buried surface could result 
in pancreatic lipase being more susceptible to degradation and lose activity more 
readily when compared with other digestive enzymes along the small intestinal tract. 
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Figure 6: Schematic of the lipase-colipase complex and mechanism of interfacial activation. E 
represents the closed form of the complex (in solution). The open form E* induced by contact 
with the lipid-water interface is generated by conformational changes in the lid and β5 loop, 
unmasking the β9 loop (Van Tilbeurgh et al., 1999). 
Pancreatic lipase is the main fat cleaving enzyme, and catalyses the hydrolysis of 
the ester bonds that attach fatty acids to the glycerol backbone, specifically 
triacylglycerides in position one and three. Carboxylester hydrolase is a non-specific 
lipolytic enzyme which cleaves ester linkages one, two and three of triacylglycerides. 
Phospholipase A2 cleaves triacylglycerides in position two. 
2.5.4 Collection of pancreatic digestive enzymes 
The most widely used method to measure human exocrine pancreatic secretion is by 
gastrointestinal intubation (Carriere et al., 1993; Jensen et al., 1997). Human 
subjects are typically intubated with a duodenal tube and if feeding is required a 
nasogastric tube is inserted as described in Figure 7. Although this system has been 
reported to be successful for human studies, the collected sample can contain 
gastric, biliary and duodenal secretions (Jensen et al., 1997).  
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Figure 7: Schematic of an experimental procedure used to perform gastric sampling and 
duodenal recovery, adapted (Carriere et al., 1993). 
2.5.4.1 Pouch method 
The collection of pancreatic enzymes from animals, specifically pigs, can occur in a 
number of ways. One of the most commonly used methods to collect pancreatic juice 
is the pouch method. This surgical procedure permits long-term collection of 
exocrine pancreatic secretions (Hee et al., 1985). A cannula is used to transport 
pancreatic juice from a small isolated segment of duodenum which received the 
pancreatic duct, through permanent intercostal fistulas, and back into the duodenum 
within three centimeters of the normal entry point for pancreatic juice. The pouch 
method allows for constant collection of secreted digestive enzymes and provides 
information concerning hourly rates and influence due to feeding. The enzymes that 
are collected are active. 
2.5.4.2 Catheter method 
The catheter method involves surgically placing a catheter in the pancreatic duct 
while inserting a T-cannula into the duodenum for collection and subsequent return 
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of pancreatic juice (Pierzynowski et al., 1988). This method was developed to enable 
long term collection of pancreatic juice. Similarly to the pouch method, the catheter 
method allows for constant collection of secreted digestive enzymes and provides 
information concerning hourly secretion rates and influence due to feeding. However, 
blockages occur more frequently when using the catheter method due to the thin 
tubes becoming blocked. A major difference between the pouch and catheter 
method is that enzymes that require activation from duodenal factors do not come 
into physical contact with this section of the duodenum and hence enzymes remain 
inactive. Despite their inactive state, they can be activated when treated with 
enterokinase. 
2.5.4.3 Slaughter method  
The pouch and catheter methods are both suited to collecting pancreatic juice over 
extended periods of time. However, the invasive surgical process of inserting the 
catheters in place has been shown to influence pancreatic exocrine secretions, often 
resulting in hyper- or hypo-secretion of pancreatic digestive enzymes (Jensen et al., 
1997). As previously mentioned, the pouch and catheter methods provide 
comprehensive information regarding the rate and activity of secretion of digestive 
enzymes, but fail to provide information concerning how the activity of pancreatic 
enzymes changes along the small intestine. As the name suggests, the slaughter 
method consists of removing the small intestine from an anaesthetized animal before 
being euthanized and collecting intestinal contents. These contents are usually 
frozen at -20oC for further analysis. Freezing and thawing small intestinal contents 
has been shown to vary the activity of the digestive enzymes present in the samples. 
This has been previously discussed and is outside the scope of this review but 
based on this work (Gabert & Jensen, 1997; Makkink et al., 1990), samples in the 
current study will undergo one freeze-thaw cycle to reduce fluctuations in enzyme 
activity  
 
2.5.5 Quantification of pancreatic enzymes 
Quantifying pancreatic enzyme activity is a challenging task due to the fragile nature, 
hydrolytic specificities, temperature, and pH dependence of the proteins. For the 
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most part, photometric and pH-stat titration methods (Table 3) are used to determine 
enzyme activates. 
Table 3: Quantification methods for pancreatic digestive enzymes α-amylase, lipase and 
trypsin 
Enzyme Method Samples Substrate Author 
Trypsin 
Photometric 
method 
Porcine jejunum 
digesta 
Nα-p- 
Toluolsulpho
nyl-L-arginine 
methyl- ester 
(TAME) 
(Fang et al., 
2012) 
Photometric 
method 
Porcine pancreatic juice 
(non-activated) 
Benzoyl DL-
arginine p-
nitroanilide 
(BAPNA) 
(Gabert & 
Jensen, 1997) 
Photometric 
method 
Porcine pancreatic juice TAME 
(Gabert & 
Jensen, 1997) 
Photometric 
method 
Porcine pancreatic juice 
from isolated segment 
of duodenum 
TAME 
(Makkink et al., 
1990) 
pH Stat 
titration 
method 
Human duodenal 
contents 
TAME 
(Layer et al., 
1986) 
Radioimmu
noassay 
(ELISA) 
Human duodenal 
contents 
As per 
manual 
(Layer et al., 
1986) 
pH-stat 
titration 
method 
Rat pancreatic juice via 
a cannula 
TAME 
(Pelot & 
Grossman, 
1962) 
pH-stat 
titration 
method 
Duodenal juice from 
children 
TAME 
(Muller & Ghale, 
1982) 
Photometric 
method 
Human duodenal and 
jejunal contents 
BAPNA & 
TAME 
(Borgström et 
al., 1957) 
Photometric 
method 
Porcine zymogen 
granule contents 
BAPNA 
(Lainé et al., 
1993) 
α- 
amylase 
Photometric 
method 
Human small intestinal 
contents 
Soluble 
starch 
(Dahlqvist, 
1962) 
Photometric 
method 
Porcine jejunum 
digesta 
Soluble 
starch 
(Fang et al., 
2012) 
Photometric 
method 
Porcine pancreatic juice 
Phadebas 
amylase 
reagent 
(Gabert & 
Jensen, 1997) 
Photometric 
method 
Porcine pancreatic juice 
Soluble 
potato starch 
(Gabert & 
Jensen, 1997) 
Photometric 
method – 
Duodenal juice from 
children 
Detail not 
provided 
(Muller & Ghale, 
1982) 
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Amylochrom
e kit 
Reducing 
sugars 
Human duodenal and 
jejunal contents 
Soluble 
starch 
(Borgström et 
al., 1957) 
Photometric 
method 
Porcine zymogen 
granule contents 
Detail not 
provided 
(Lainé et al., 
1993) 
Pancreatic 
lipase 
Clearance 
of artificial 
triolein 
emulsion, 
proportional 
to the 
amount of 
lipase 
added. Rate 
of clearance 
measured in 
a 
spectrophot
ometer at 
650 nm 
Human Small intestinal 
contents 
Triolein 
emulsion, 1g 
of triolein, 
100 mg of 1-
mono-olein, 
100 mg of 
oleic acid 
dissolved in 
acetone. 2 
mL of this 
solution is 
then mixed 
with Tris 
buffer pH 9.1 
(Borgström, 
1957) 
pH-stat 
titration 
method 
Porcine pancreatic juice 
via a duodenal cannula 
Tributyrin 
(Jakob et al., 
2001) 
pH-stat 
titration 
method 
Human duodenal 
contents 
Glycerol 
tributyrate 
(Sternby et al., 
1991) 
pH-stat 
titration 
method 
Mini-pig pancreatic 
tissue homogenates 
Tributyrin 
(Armand et al., 
1992) 
Photometric 
method - 
Randox 
Activity 
assay kit 
Porcine jejunum 
digesta 
triolein 
(Fang et al., 
2012) 
Photometric 
method 
Porcine pancreatic juice Tributyrin 
(Gabert & 
Jensen, 1997) 
Photometric 
method 
Porcine pancreatic juice 
Stabilized 
olive oil 
(Gabert & 
Jensen, 1997) 
Photometric 
method 
Porcine pancreatic juice 
from isolated segment 
of duodenum 
1-thio-2,3-
tributyryl-
glycerol 
(Makkink et al., 
1990) 
ELISA 
Human duodenal 
contents 
As per 
manual 
(Layer et al., 
1986) 
pH-stat 
titration 
method 
Rat pancreatic juice via 
a cannula 
Coconut oil 
emulsion 
(Pelot & 
Grossman, 
1962) 
pH-stat 
titration 
method 
Duodenal juice from 
children 
Glycerol 
tributyrate 
(Muller & Ghale, 
1982) 
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Photometric 
method 
Detail not provided 
Triolein 
emulsion 
(Borgström et 
al., 1957) 
pH-stat 
titration 
method 
Human duodenal fluid Tributyrin 
(Carriere et al., 
1993) 
Photometric 
method 
Porcine zymogen 
granule contents 
Proprietary 
Substrate 
(Lainé et al., 
1993) 
Photometric 
method 
(DTNB) 
Tissue crude extracts 
2% olive oil, 
8mg/mL gum 
Arabic 26.7 
mM Tris-Cl 
(Choi et al., 
2003) 
Human 
Gastric 
Lipase 
ELISA Human duodenal fluid 
As per 
manual 
(Carriere et al., 
1993) 
2.6 Summary of Current Research 
Human health benefits associated with diets high in cereal grains, fruits and 
vegetables are well established from epidemiological studies. A dietary component 
found in these food items and considered to contribute to certain health benefits is 
dietary fibre. Dietary fibre can be classified with respect to its solubility and for the 
purpose of this study; SDFs will be the focus. Certain SDFs have been shown to 
improve glycemic control, prolong satiety, improve weight management and reported 
to reduce the risk of developing certain diseases and cancers. A current research 
target is to investigate the mechanisms responsible for the observed health benefits 
(Landberg, 2012). Hence, the research from the present study aims to contribute to 
this field in digestive physiology. 
This review has revealed three significant gaps in knowledge. The first concerns the 
ability of food components to transport digestive enzymes along the small intestine 
and implications for the digestion of macronutrients. Whilst the evidence is clear that 
pH and temperature affect the activity of enzymes, the ability of food components to 
non-specifically adsorb digestive enzymes and hence potentially alter the hydrolytic 
ability of that enzyme is poorly understood. The second relates to the effect of the 
SDF pectin on the rate of macronutrient digestion, postprandial enteroendocrine 
hormone responses and the rate of passage of GIT contents. The third involves 
effects of cereal SDFs arabinoxylan and β-glucan on glucose tolerance. Effects of 
arabinoxylan, β-glucan and pectin with regards to digestive physiology need to be 
investigated. Christensen et al. (2013) Hooda et al. (2010) and Mosenthin et al. 
(1994) have previously studied the effects of SDFs, wheat arabinoxylan, oat β-
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glucan and pectin respectively on elements of digestive physiology. They showed 
that these SDFs have the ability to influence pancreatic function, specifically 
pancreatic exocrine and endocrine secretions. Studies have examined the effects of 
DFs on the rate of passage of digesta through the GIT but there is a lack of 
information concerning how SDFs influence the retention time and rate of passage 
from the stomach to the distal colon. 
Research in this field has important implications for today’s world population. Hence 
determining how these elements of digestive physiology are influenced by cereal and 
fruit SDF is required.  
2.7 Aims, Objectives and Hypotheses 
 2.7.1 Aims 
The aims of this study were to determine the impact of cereal and fruit soluble 
dietary fibres on elements of digestive physiology. More specifically, the aims were 
to determine how arabinoxylan, β-glucan and pectin affect the activity of pancreatic 
digestive enzymes in the small intestine, digestion of macronutrients, postprandial 
enteroendocrine hormone responses and rates of passage of gastrointestinal 
contents. 
2.7.2 Objectives 
The objectives of this research were to: 
1. Determine the ability of a food component such as granular wheat starch to 
non-specifically adsorb pancreatic enzymes such as proteases, and thereby 
reduce enzyme activities. 
2. Investigate how the soluble dietary fibre pectin influences pancreatic digestive 
enzymes in the small intestine, digestion of macronutrients, postprandial 
enteroendocrine hormone responses and rates of passage of gastrointestinal 
contents using grower pigs as a human model. 
3. Investigate how cereal soluble dietary fibres arabinoxylan and β-glucan affect 
glucose tolerance using grower pigs as a human model. 
2.7.3 Hypotheses 
The general hypotheses that were tested in this research were that: 
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1. Proteases have the ability to bind non-specifically to food components and 
lose their proteolytic ability. 
2. The soluble dietary fibre pectin will reduce digestive enzyme activity in the 
small intestine and hence reduce small intestinal macronutrient digestion and 
increase mean retention time of the liquid phase in the stomach. 
3. Cereal soluble dietary fibres wheat arabinoxylan will have similar physiological 
effects as oat β-glucan and when combined they will have intermediate 
effects. 
4. Glucose tolerance will be improved by cereal SDFs in grower pigs despite 
their tight glycemic control due to their young age. 
2.8 Thesis Structure  
This thesis contains 8 chapters in total. Chapter 1 contains the introduction and 
chapter 2 details the literature review which outlines current research, knowledge 
and epidemiological findings and physiological mechanisms relating soluble dietary 
fibre and health, as well as the thesis aim, objectives and hypotheses. Chapter 3 is 
the first of five research chapters which outlines the ability of proteases to adsorb 
non-specifically to food components. Chapter 4 examines the effect of the soluble 
dietary fibre pectin on macronutrient digestion. Chapter 5 explores the effect of 
pectin on the rate of passage of gastrointestinal contents. Chapter 6 frames how 
cereal soluble dietary fibres arabinoxylan and β-glucan affect α-amylase activity in 
the proximal small intestine and how this might lead to improved glucose tolerance. 
Chapter 7 explores how cereal SDF arabinoxylan and β-glucan affect glucose 
tolerance in grower pigs. Lastly, chapter 8 outlines the general thesis conclusions 
and suggests further research opportunities. 
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Chapter 3 Non-specific adsorption between pancreatic 
digestive enzymes and food components  
3.1 Introduction 
Pancreatic digestive enzymes such as α-amylase, protease, and lipase hydrolyse 
their respective substrates by specific binding and formation of enzyme-substrate 
complexes to form products which are then able to be further hydrolysed or 
absorbed. Although it has been previously shown that digestive enzymes such as α-
amylase can adsorb to dietary components such as cellulose and suffer a loss of 
activity (Dunaif & Schneeman, 1981), it is not known if non-specific binding between 
digestive enzymes and food components can influence enzyme proteolysis. It has 
been previously hypothesized that dietary components such as dietary fibres have 
the ability to alter the rate and site of nutrient absorption in the small intestine 
(Schneeman, 1990), yet binding interactions between digestive enzymes and non-
substrate food components are yet to be demonstrated to influence enzyme 
proteolysis (Layer et al., 1986).  
Mammalian enzyme kinetics and their mechanisms have been widely studied, with a 
large proportion of the information being deduced indirectly from the effects of 
enzymes on their substrates (Fersht, 1977). Typically, a single class of enzymes and 
their respective substrates have been studied to gain an understanding of enzyme-
substrate interactions. Although these studies have produced a wealth of insights 
into digestive enzyme mechanisms, this singular approach is far from reality. Few, if 
any, animals consume one type of macronutrient at a time. For example, a typical 
human meal consists of several macronutrients combined in different food matrices. 
Therefore, this study aims to unravel some of the complexity of this system which 
combines enzymes interacting with each other, as well as more than one food 
component simultaneously. Interactions between nutrients and pancreatic digestive 
enzymes in the small intestine have been previously thought to provide protection to 
the enzymes from proteolysis (Holtmann et al., 1997). This concept has not been 
investigated any further, as it was thought that enzymes only hydrolyse their 
respective substrates while their hydrolytic efficiency was affected by factors such as 
pH, temperature and salt concentrations (Cornish-Bowden, 2013; Robyt & French, 
1970). As the current and the following chapters will outline, this assumption is most 
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likely far from reality and it should be possible to unravel some of the known 
complexities of the digestive process. 
The first critical step in enzyme catalysis is the formation of the enzyme-substrate 
complex by the specific interaction of the substrate with the binding site of the 
enzyme. The specificity and action pattern of the enzyme is determined by the 
nature of the binding site and the catalytic groups (Robyt & French, 1970). It is well 
understood that to ensure enzyme catalysis, the enzyme must bind to its substrate to 
allow the reaction to take place within the confines of the enzyme-substrate complex. 
The effects of pH, temperature and salt concentrations on enzyme activity have been 
studied and reviewed extensively (Cornish-Bowden, 2013). Optimal enzyme activity 
occurs within a specific pH range as active sites generally contain important acidic or 
basic groups. Similarly, optimal enzyme activity occurs within a specific temperature 
range. In addition to these parameters, the presence of food components has also 
been suggested to be influential with regards to enzyme activity (Holtmann et al., 
1997; Jensen et al., 1997). 
To study digestive enzyme mechanisms, research groups have frequently used 
porcine pancreatic enzymes either in their natural state (e.g. pancreatin) or purified 
forms. These enzymes have either been collected directly from activated pancreatic 
tissue, from pancreatic juice or from small intestinal digesta (Jensen et al., 1997). 
Pancreatic digestive enzyme activity has been shown to be affected by storage 
conditions (Makkink et al., 1990). In order to preserve enzyme activity during 
storage, the use of general protease inhibitors is widely accepted (Carriere et al., 
1993). The ability of proteases such as trypsin to degrade other pancreatic enzymes 
such as α-amylase has been previously studied (Granger et al., 1975; Khajeh et al., 
2001). As trypsin has been shown to be capable of degrading α-amylase, the use of 
a general protease inhibitor is justified when storing secreted pancreatic juice, devoid 
of intestinal contents. However, pancreatic enzymes in the presence of duodenal 
contents differ as they are surrounded by food components from the diet which are 
passing through the small intestine. 
The enzyme-substrate complex is thought to play a role in protecting enzymes from 
proteolysis and degradation (Robyt & French, 1970). Insight from previous studies 
concerning the effect of dietary fibre on human pancreatic enzyme activity has 
suggested that binding of enzymes to certain dietary fibres can influence enzyme 
activity (Dunaif & Schneeman, 1981). For example, cellulose fed to rats led to 
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decreased pancreatic α-amylase, lipase, trypsin and chymotrypsin activity in the 
small intestine (Schneeman & Gallaher, 1980) while incubating pancreatic α-amylase 
with pectin was found to increase activity (Dunaif & Schneeman, 1981). It was 
suggested that differences were due to either different adsorptive properties between 
enzymes and dietary fibres or charge of the fibre itself. One study using duodenal 
juice, investigated the stability of pancreatic enzyme activities in the duodenum after 
pancreatic stimulation by a test meal or exogenous hormone cholecystokinin (CCK) 
(Muller & Ghale, 1982). They concluded that pancreatic α-amylase, lipase and 
trypsin were stable while frozen at -20oC for up to one year in duodenal juices 
collected after a test meal was consumed. Enzyme activity decreased significantly in 
samples stimulated by CCK even though they were stored at -20oC, suggesting that 
food components play a significant role in maintaining enzyme activity. More specific 
work targeting these interactions needs to be completed in order to gain a greater 
insight into enzyme-substrate complex formations and how these may influence the 
rate of digestion of nutrients. It has been noted that in order to suppress enzyme 
inactivation, the first task is to prevent the conformational changes that accompany 
and induce activation (Mozhaev & Martinek, 1982). A comparative in vitro study 
between the proteolysis of mesophilic and thermophilic α-amylases concluded that 
although both enzymes are susceptible to digestion by trypsin, thermophilic α-
amylases had a higher resistance to proteolysis, which was thought to be due to the 
increased degree of structural rigidity (Khajeh et al., 2001). 
In this study, it was hypothesised that the presence of a food component such as 
granular wheat starch (GWS) would prevent the proteolysis of α-amylase by the 
adsorption of trypsin to GWS. A series of in vitro and in vivo experiments using 
porcine pancreatic α-amylase, trypsin and GWS have been carried out to test this 
hypothesis.  
3.2 Materials and Methods 
Chemicals used were purchased from Sigma-Aldrich unless otherwise stated. 
3.2.1 In vitro experiments 
Experiment 1: Proteolysis of porcine pancreatic α-amylase by porcine pancreatic 
trypsin 
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Porcine pancreatic trypsin (Sigma T0303) was dissolved in a phosphate buffered 
saline (PBS) buffer solution (pH 7.4) and mixed with porcine pancreatic α-amylase 
(Sigma A6255) in a 200 mL Schott bottle. The concentration of trypsin differed 
between treatments (Table 4). The activity of α-amylase was determined every 15 
minutes over two hours using a colorimetric α-amylase activity assay kit (details in 
3.2.2 Analyses of pancreatic digestive enzymes). The activity of α-amylase was 
compared between treatments every 15 minutes for 120 minutes.  
Table 4: Specifications for in vitro proteolysis of α-amylase by trypsin (where control, medium 
and high treatments have 0, 1 and 2 mg/ml trypsin respectively) 
Treatments 
α-amylase 
Stock: (10µL  50 
mL PBS)* 
Trypsin PBS Buffer 
Control (No Trypsin) 2 mL from stock 0 mg/mL 8 mL 
Medium Trypsin 2 mL from stock 1 mg/mL 7 mL 
High Trypsin 2 mL from stock 2 mg/mL 6 mL 
*Amylase Activity = 1821 units/mg protein ∴ 18.21 units/10µL 
Experiment 2: Addition of granular wheat starch to α-amylase and trypsin 
Granular wheat starch, α-amylase and trypsin were added simultaneously to a PBS 
buffer solution (Table 5). The activity of α-amylase was determined at one and five 
hours to approximate the range of transit times of luminal contents along the small 
intestine (Keys & DeBarthe, 1974). Trypsin and GWS were combined in a PBS 
buffer solution (pH 7.4) and the activity of trypsin was determined from the 
supernatant from both treatments. 
Table 5: Specifications for granular wheat starch added in vitro with α-amylase and trypsin 
Treatments 
α-amylase 
Stock: (10µL  
50 mL PBS) 
Trypsin 
 
Granular 
wheat 
starch 
(GWS) 
5 mg/mL 
PBS 
Buffer 
Amylase and GWS 2 mL 0 mg/mL 2 mL 6 mL 
Amylase, trypsin and 2 mL 2 mg/mL* 2 mL 5 mL 
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GWS 
Trypsin, no GWS 0 mL 2 mg/mL 0 mL 9.99 mL 
Trypsin and GWS 0 mL 2 mg/mL 4 mL 5.99 mL 
*2mg/mL is equivalent to 643 p-toluene-sulfonyl-L-arginine methyl ester (TAME) 
units 
Experiment 3: Activity of α-amylase and trypsin from porcine pancreatin in the 
presence of a highly digestible pig meal 
Porcine pancreatin (Sigma P1750 4×USP) was dissolved in a PBS buffer solution 
(pH 7.4). A highly digestible pig meal (2.5 g) (Table 6) was added to the solution (10 
mL PBS) and incubated for one hour at 39oC (Table 7). The solution was then 
assayed for α-amylase and trypsin activity. Treatment samples (10 µL) were 
assayed for α-amylase and trypsin activity every 15 minutes for 90 minutes. 
Table 6: Nutrient composition of the representative meal added to the in vitro digestion 
Diet Ingredients 
(g/kg DM) 
Pig meal 
Wheat starch 429 
Na-caseinate 50 
Whey protein concentrate 80% 100 
Whole egg powder 150 
Sucrose 50 
Arbocel RC fine 60 
Palm oil 60 
Sunflower oil 40 
Limestone 15 
Dicalcium phosphate 13 
NaHCO3 6 
Salt (NaCl) 3 
MgO 1 
Vitamin trace element mix 2 
Celite 20 
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Table 7: Specifications for the in vitro digestion of porcine pancreatin and a representative 
meal as substrate  
Treatments Pancreatin Substrate PBS Buffer 
Pancreatin no substrate 0.1 g 0 g 10 mL 
Pancreatin with 
substrate 
0.1 g 2.5 g 10 mL 
3.2.2 Analyses of pancreatic digestive enzymes  
Protease Activity Fluorometric Assay. The protease activity fluorometric assay kit 
(Biovision K781-100, California, USA) measures the proteolysis of fluorescein 
isothiocyanate (FITC) labelled casein as a standard protease substrate. The 
fluorescein label on the FITC-Casein is highly quenched. Upon digestion by 
pancreatic digestive proteases, the FITC-Casein substrate is cleaved into smaller 
peptides which abolish the quenching of the fluorescence label. The fluorescence of 
the FITC-labelled peptide fragments is measured at Ex/Em=485/530nm. Intestinal 
contents were diluted by a factor of 250 using the assay buffer provided in the kit. 
From this dilution, 20 µL was pipetted into a microplate well and 78 µL buffer and 2 
µL substrate were added. The fluorescence was measured using a microplate reader 
(BMG LABTECH FLUOstar OPTIMA Ortenberg, Germany) at 25oC. The dilution 
factor was considered when calculating activity. Each assay was performed in 
duplicate. One unit (U) is defined as the amount of protease that cleaves the 
substrate, to yield an amount of fluorescence equivalent to 1.0 nmol of unquenched 
FITC per minute at 25oC. 
Alpha Amylase Activity Assay. The α-amylase activity assay kit (Biovision K711-100, 
California, USA) measures the ability of the α-amylase to cleave ethylidene-para-
nitrophenol-maltoheptaoside (ethylidene-pNP-G7). The release of the pNP 
chromophore can then be measured at 405 nm. One unit (U) of α-amylase is the 
amount of amylase that cleaves ethylidene-pNP-G7 to generate 1.0 µmol of pNP per 
minute at pH 7.20 at 25oC 
Trypsin Activity Assay. The trypsin activity assay kit (Biovision K771-100, California, 
USA) measures the ability of trypsin to cleave N-α-benzoyl-DL-arginine-p-nitroanilide 
(BAPNA). BAPNA is a simple colourless ester which is recognised by trypsin as a 
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substrate. Trypsin cleaves the bond between the arginine and the p-nitroaniline to 
release free p-nitroaniline, which is yellow and easily measured by a colorimeter. 
One unit (U) is defined as the amount of trypsin that cleaves BAPNA, yielding 1.0 
µmol of p-nitroaniline per minute at 25oC. 
3.2.3 In vivo experiments 
Small intestinal digesta collection  
Housing and rearing of pigs was in compliance with the guidelines of The University 
of Queensland Ethics Committee (AEC Approval No: CNAFS/179/11/CSIRO). Ten 
Large White male pigs (60 ± 3 kg) (University of Queensland, Queensland Animal 
Science Precinct, Gatton) were housed individually. Pigs were weighed each week in 
order to adapt feeding levels to individual metabolic body weights. The pigs 
appeared healthy and consumed their daily allowances for the entire experiment. 
Each pig received an IM injection of 0.15 mg/kg of butorphanol and 3 mg/kg of 
Zoletil®. They were then delivered isoflurane in oxygen by mask while a 20 G 
catheter was secured in an ear vein. Some pigs were sufficiently anaesthetised 
without further drug administration but most required a small dose of thiopentione 
sodium IV (2.5 mg/kg, 0 – 4.8 mg/kg). The trachea was intubated and anaesthesia 
was maintained with isofluorane delivered in oxygen for the duration of surgery. 
Pulse oximetry and capnography were performed throughout the procedure. The 
surgery proceeded without complications. The abdominal cavity was opened by 
midline laparotomy, and the digestive tract ligated to prevent digesta flow between 
gastrointestinal sections. The gastrointestinal tract (GIT) was subsequently removed, 
weighed and length measured. The GIT was separated into stomach, small intestine 
and large intestine and then further divided. The small intestine (SI) was divided into 
four non-equal portions. The first two metres after the stomach was termed SI1 while 
the last meter from the ileo-caecal junction was termed SI4. The remaining small 
intestine was divided into two equal parts and termed SI2 and SI3. The contents of 
each section were carefully removed, weighed, pH measured and samples frozen at 
-20oC. 
Treating samples with phenylmethylsulfonyl fluoride (PMSF) 
Small intestinal digesta was weighed into sample containers and the weight 
recorded. Addition of PMSF (SIGMA- P7626) was performed under a fume hood 
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adding 20 µL of PMSF to 2 mL of digesta. The digesta was then mixed by vortex to 
ensure the complete mixing of the protease inhibitor. Equivalent control samples 
were also collected without any addition of PMSF. Samples were then frozen at -
20oC. 
3.2.4 Statistical analyses 
Data are expressed as means ± SE. Means between treatments were analysed 
using the GLM procedure in SAS 9.3 (SAS Institute, Inc., Cary, NC, USA). All in vitro 
experiments were performed in duplicate. In vivo results were analysed using the 
MIXED procedure with the same statistical software. Significant differences were 
reported when P<0.05. 
3.3 Results and Discussion 
3.3.1 In vitro 
Experiment 1 Results showed that trypsin can proteolyse α-amylase (Figure 8) which 
confirmed previous work (Stein & Fischer, 1958). A trypsin concentration of 2 mg/mL 
in vitro corresponds to 643 U/mL using the p-toluene-solfonyl-L-arginine methyl ester 
(TAME) assay and is higher than current in vitro methods which suggest using a 
trypsin activity of 100 U/mL (TAME) (Minekus et al., 2014) based from in vivo data 
(Braganza et al., 1978; Holtmann et al., 1996; Keller & Layer, 2005). The percentage 
loss of α-amylase activity may therefore be higher than the values observed in vivo. 
The activity of α-amylase alone (Control) decreased slightly over time though 
remained stable after 60 minutes of in vitro digestion (Table 8 and Figure 8).  
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Figure 8: Loss of α-amylase activity (% ± SE) by proteolysis from trypsin where medium 
trypsin = 1mg/ml and high trypsin = 2mg/ml 
Adding trypsin at either 1 mg/mL (Medium Trypsin; P=0.003) or 2 mg/mL (High 
Trypsin; P=0.001) significantly decreased α-amylase activity over two hours of in 
vitro digestion when compared with the loss of α-amylase activity without trypsin 
(Table 8). The loss of α-amylase activity without trypsin is thought to be due to partial 
unfolding of the α-amylase protein (D'Amico et al., 2003).  
Table 8: Percentage of α-amylase activity at 0, 60 and 120 minutes with different 
concentrations of trypsin where medium trypsin = 1mg/ml and high trypsin = 2mg/ml  
Treatments 
Time 
(Min) 
Percentage of 
amylase activity 
(%) 
Control 
0 100 
60 83.6 
120 84.8 
Medium 
Trypsin 
0 100 
60 74.6 
120 55.7 
High Trypsin  
0 100 
60 56.7 
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120 33.7 
Experiment 2 This experiment determined if GWS protected α-amylase from 
proteolysis (Table 9). Following five hours of in vitro digestion, the percentage of α-
amylase activity did not change between treatments. Adding GWS tended to protect 
α-amylase from proteolysis.  
Table 9: Percentage of α-amylase activity with trypsin, in the presence of granular wheat 
starch at 37
o
C 
Treatments 
Percentage of α-amylase activity 
(%) 
1 hour in vitro 5 hours in vitro 
α-amylase with GWS 83.6 35.0 
α-amylase with GWS and 
trypsin 
85.0 41.0 
Although the concentration of trypsin added to this system was 2 mg/mL which had 
previously shown to degrade α-amylase by 66.3% after two hours of in vitro digestion 
(Table 8), the presence of GWS protected the α-amylase from proteolysis throughout 
five hours of in vitro digestion. There are two possible explanations for this. Firstly, 
the α-amylase may be bound to the GWS and is therefore resistant to proteolysis as 
earlier research has hypothesized (Holtmann et al., 1997). Alternatively, the trypsin 
may have adsorbed non-specifically to the GWS and would therefore not be in 
solution, thereby allowing α-amylase to continue forming enzyme-substrate 
complexes with e.g. GWS. A recent standardised in vitro digestion method outlines 
the recommended activities for pancreatic digestive enzymes, yet there is no insight 
given to how enzyme activities might change depending on the introduced food 
components (Minekus et al., 2014). Pancreatic digestive enzymes secreted into the 
duodenum are immediately surrounded by food components from gastric chyme and 
it is possible that there is broad non-specific binding that occurs between certain 
pancreatic digestive enzymes and food components. Although, pancreatic α-amylase 
activity is twice as high relative to trypsin, (Minekus et al., 2014) the majority of 
pancreatic digestive enzymes secreted are proteases (Brannon, 1990). Hence, this 
work provides an explanation as to why certain carbohydrates are digested and their 
products absorbed between the proximal small intestine to the mid-jejunum (Tester 
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et al., 2004) while proteins are digested and absorbed along the length of the small 
intestinal tract. The digestion and absorption of carbohydrates occurring primarily in 
the proximal small intestine is the body’s way of channelling the monosaccharides 
into the systemic blood circulation as quick as possible to provide nutrients to the 
vital organs (Schneeman, 1990). If extensive proteolysis of α-amylase were to occur 
in the confines of the small intestine, the rate of digestion of carbohydrates would be 
reduced.  
Trypsin was found to adsorb to GWS in solution. A low concentration of trypsin (10 
µL of 5 mg/10mL stock) was mixed with GWS (4 mL of 5 mg/mL stock). The 
suspension was centrifuged and the supernatant assayed for trypsin activity. When 
GWS was added, the trypsin activity of the supernatant was zero (Table 10). Without 
GWS, the trypsin activity was significantly higher (P=0.01). These results suggest 
that trypsin has the ability to adsorb to GWS particles. 
Table 10: Activity of trypsin with granular wheat starch in phosphate buffered saline (PBS) 
solution 
Treatments Trypsin activity (U/mL) 
Trypsin no GWS 140 ± 5 
Trypsin with GWS 0 ± 0 
These model in vitro experiments have shown that trypsin has the ability to adsorb 
non-specifically to a food component such as GWS. What has not been shown and 
ought to be a focus of future studies, is whether there exists preferential binding 
between proteases, non-protein food components and actual protease substrates 
such as protein from the diet.  
Experiment 3 This work examined a more complex system whereby pancreatin, 
which includes a mixture of pancreatic enzymes, was mixed in solution with a 
representative pig meal (Table 6). As pancreatin is a non-purified source of 
pancreatic enzymes including all the pancreatic digestive enzymes, proteolysis of α-
amylase by trypsin could occur in vitro. 
The activity of α-amylase decreased significantly over time when no meal was 
present, losing 100% of its activity after 30 minutes in vitro (Figure 9). However, in 
the presence of the meal substrate, the activity of α-amylase decreased by only 10 
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% throughout the 90 minute in vitro digestion. In addition, the zero time value is 
different between treatments. When no substrate was present the activity of α-
amylase was determined to be 3272 mU/mL however when substrate was present 
the activity of α-amylase was determined to be 1986 mU/mL. This difference of 
activity likely represents the α-amylase which is bound to meal components.  
0 2 0 4 0 6 0 8 0 1 0 0
0
1 0 0 0
2 0 0 0
3 0 0 0
4 0 0 0
I n  v i t r o  d i g e s t i o n  t i m e  ( m i n s )
A
m
y
la
s
e
 a
c
t
iv
it
y
 (
m
U
/m
l)
N o  a d d e d  m e a l
W i t h  a d d e d  m e a l
 
Figure 9: Activity of pancreatic α-amylase from porcine pancreatin in supernatant in the 
presence of a representative meal over a 90 minute in vitro digestion. *The SE between the 
duplicates was small; hence no SE bars can be seen 
When pancreatin was dissolved in PBS buffer with no added substrate, 100% 
inactivation of α-amylase occurred in 30 minutes probably due to proteolysis, as 
found in experiment 1. Although the zero time value was lower, adding the pig meal 
to this in vitro digestion maintained α-amylase activity over the duration of the 90 
minute in vitro digestion. This is consistent with results from experiment 2 and 
suggests that non-specific binding between proteases and other food components 
such as starch, may inhibit the action of proteases from hydrolysing other digestive 
enzymes. This may occur until food components such as starch have been 
completely digested. Trypsin adsorbs to non-protein food components in vitro (Table 
10) and hence loses its proteolytic effect. These results provide a greater insight as 
to why food components are not all digested concurrently in the small intestine. 
These results suggest that once the digestive pancreatic enzymes are secreted into 
the small intestinal tract, the efficiency of the enzyme action is influenced by solid 
food components (presumably including dietary fibre – see chapters 4 and 6). It is 
generally accepted that the pancreas has the ability to recognise, through 
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enteroendocrine feedback, the macronutrient composition of chyme which allows for 
adaptions of pancreatic secretions (Corring & Muorot, 1979; Makkink et al., 1994; 
Ozimek et al., 1985). This physiological response to changes in diet occurs over time 
and ensures efficient digestion of nutrients (Laffitte et al., 2014). However, this 
physiological response could be challenged if the chyme matrix is severely altered 
such as when soluble dietary fibre is consumed thus changing the physico-chemical 
properties of the gastrointestinal contents.  
Trypsin from pancreatin without added meal lost activity much more slowly than α-
amylase, experiencing a loss of only 10% after 30 minutes (Figure 10), compared to 
100% with α-amylase (Figure 9). 
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Figure 10: Activity of trypsin from porcine pancreatin in supernatant in the presence of a 
representative meal. *The SE between the duplicates was small; hence no SE bars can be seen 
However, when a representative meal was added in vitro, no trypsin activity was 
determined in the supernatant. These results parallel what was determined from 
experiment 3 i.e. trypsin has the ability to adsorb to non-protein materials. As the 
meal consisted not only of protein but also non-protein materials (Table 6), there are 
two potential explanations for the lack of enzyme activity in the supernatant. The first 
could be due to the substrate-enzyme ratio which suggests that the concentration of 
the food components added in vitro were in excess resulting in complete complex 
formation between enzymes and substrates, leaving no enzyme in the soluble 
phase. Alternatively, trypsin could be strongly adsorbed to the food components 
which were added. This affinity for non-protein food components could result in 
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trypsin being unable to hydrolyse the introduced substrate BAPNA from the trypsin 
activity assay.  
3.3.2 In vivo 
The use of a general protease inhibitor is accepted practice to preserve digestive 
enzyme activity from in vivo samples (Carriere et al., 1993). In theory, by inhibiting 
the proteases secreted into the small intestinal tract, other proteins of interest, for 
instance α-amylase, would remain active. However, previous studies have shown 
that the presence or absence of specific food ingredients might also influence the 
susceptibility of enzymes to proteolysis (Granger et al., 1975; Robyt & French, 
1970). Hence, the use of a general protease inhibitor might not be necessary to 
preserve digestive enzyme activity. For example, if experimental measures are taken 
to reduce the temperature of the digesta as soon as the animal is slaughtered (i.e. 
working with the samples over ice) activity may be preserved. Secondly, the diet and 
therefore the small intestinal contents of the animal could also influence the activity 
of the secreted pancreatic digestive enzymes.  
To determine the effectiveness of PMSF, a standard protease inhibitor, a 
fluorometric protease activity assay was used to quantify protease activity in both 
untreated (Raw) and PMSF treated samples. Samples from five pigs were tested for 
protease activity and results confirmed that PMSF effectively inhibited proteases 
(P<0.0001) (Table 11). 
Table 11: Protease activity (U/mL digesta) from untreated samples (RAW) and samples treated 
with phenylmethylsulfonyl fluoride (PMSF) from gastrointestinal tract compartments SI1-SI4. 
 Protease Activity (U/mL) P-value 
GIT site Raw SE PMSF SE Site Treatment 
Treatment*
Site 
SI1 3.6 1.5 0 0 
0.0011 <0.0001 <0.001 
SI2 10.5 1.2 0 0 
SI3 9.5 0.8 0 0 
SI4 3.8 0.7 0 0 
Samples from small intestinal contents from ten pigs were assayed for pancreatic α-
amylase and compared with and without PMSF treatment to determine the inhibitory 
effect of proteases on the digestive enzyme α -amylase (Table 12). 
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Table 12: Pancreatic α-amylase activity (U/mL digesta) from untreated samples (RAW) and 
samples treated with phenylmethylsulfonyl fluoride (PMSF) from gastrointestinal tract 
compartments SI1-SI4.  
 α-amylase activity (U/mL) P-value 
GIT site Raw SE PMSF SE Site Treatment 
Treatment*
Site 
SI1 250.7 22.0 208.5 24.4 
<0.0001 0.65 0.66 
SI2 310.1 15.8 312.1 20.7 
SI3 326.4 17.7 332.5 17.5 
SI4 321.1 23.9 326.7 31.2 
Pancreatic α-amylase activity was not significantly different between the two 
treatments in any of the GIT sections (P=0.65). Administering PMSF to digesta 
samples was not found to improve or maintain the activity of the digestive enzymes 
post-slaughter. As the pigs were fed two hours pre-euthanasia, food components 
were present throughout the small intestinal tract. The proteases, including trypsin, 
are hypothesised to have interacted non-specifically with food components from the 
ingested meal, and as a result their ability to proteolyse other digestive enzymes was 
reduced to unmeasurably low levels.  
The activity of α-amylase was detected throughout the entire small intestine (Table 
12). As previously mentioned, starch digestion is primarily complete by the mid-
jejunum (Knudsen et al., 1992). This shows the ability of α-amylase to survive small 
intestinal transit by presumably binding to other food components. This has been 
previously mentioned but not investigated any further (Layer et al., 1986). Pancreatic 
α-amylase resistance to proteolysis has been a major research focus (Granger et al., 
1975) yet undigested food components acting as carriers for enzymes through the 
small intestine has rarely been mentioned in the literature. Future research should 
focus on the role individual dietary components from a meal have on transporting 
each of a range of enzymes along the small intestinal tract. 
The results from this study are proposed to be representative of how some food 
components interact with digestive pancreatic enzymes essentially in competition 
with enzyme-substrate complex formation, and hence shed light on potential 
mechanisms behind asynchronous digestion of nutrients in the small intestine. 
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3.4 Conclusions 
It has been shown that trypsin has the ability to proteolyse α-amylase in vitro using 
both purified porcine pancreatic enzymes and pancreatin. The ability of pancreatic 
proteases to proteolyse other digestive enzymes is already known. However, this 
study has shown how food components such as GWS and a representative pig meal 
can interact and prevent this from occurring, and effectively transport digestive 
enzymes along the small intestinal tract. It was further demonstrated that the use of 
a general protease inhibitor is not needed when storing small intestinal contents 
containing digesta at -20oC. Lastly, these results provide an insight as to how food 
components are digested and absorbed along the length of the small intestine.  
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Chapter 4 The effect of pectin on elements of digestive 
physiology in grower pigs as a human model  
4.1 Introduction 
Many Western-style diets are rich in rapidly digestible carbohydrates that cause 
postprandial elevations of glucose and insulin, which may lead to physiological and 
metabolic disorders (Gemen et al., 2011). Consumption of dietary fibres (DF) from 
whole-grains, fruits and vegetables has been inversely related to the prevalence of 
these disorders through large scale epidemiological studies (Leenders et al., 2013; 
Park et al., 2011) and human clinical trials (Wanders et al., 2014). The beneficial 
actions of DF are mainly attributed to their physico-chemical properties and the 
physiological effects they induce (Nielsen et al., 2014; Slavin, 2013), yet the 
mechanisms by which they work are still largely unknown. DF can be categorised as 
either soluble or insoluble (Jones, 2013), although food components such as fruit 
pulps contain insoluble but highly hydrated structures which can be considered as 
intermediate between soluble and insoluble. For the purpose of this study, the focus 
will be on soluble DF in the form of pectin, as well as pectin-containing mango fruit 
pulp. It has been suggested that soluble dietary fibre (SDF) may form viscous 
solutions or gels in the stomach that delay gastric emptying and reduce the rate of 
digestion and absorption of nutrients in the small intestine due to increased luminal 
viscosity (Chawla & Patil, 2010), probably by attenuation of enzyme and/or nutrient 
diffusion (Dhital et al., 2014). 
Intake of SDF has been correlated with lower postprandial glucose and insulin 
responses (Gemen et al., 2011), decreased serum cholesterol (Xu, 2012), and 
improved gut health (Anderson et al., 2009). The incretin hormones, glucose-
dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1), 
have also been shown to be reduced in response to the consumption of SDF 
(Christensen et al., 2013) resulting in lower secretions of insulin. It is now well 
established that the addition of SDF such as pectin and guar gum, to oral 
carbohydrate loads reduces postprandial blood glucose and plasma insulin levels. 
This has been observed in human subjects (Jenkins et al., 1977) and experimental 
animal models such as the pig (Ellis et al., 1995a). 
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Pectin has a high water holding capacity (WHC) which is due to the high degree of 
flexibility and hydrophilic nature of the various sub-structures. Viscosity is correlated 
to molecular weight and has been shown to influence the rate of digestion and 
absorption of macronutrients in the small intestine (McNeil, 1984). 
Forman and Schneeman (1980) concluded that the consumption of pectin (5% dry 
basis) affected enzyme activity within the small intestine of rats. No attempt was 
made to elucidate the link between the amounts of enzyme secreted compared with 
the amount stored in the pancreatic zymogens. They found that rats consuming 
pectin had elevated lipase and elevated protease activity in small intestinal digesta. 
This increase in enzyme activity was attributed to the accumulation of chyme in the 
small intestine caused by the pectin, and was also thought to protect activities of the 
enzymes. 
Later studies however, again using rat models, found that the effects of 10% wt/wt 
pectin on pancreatic digestive enzymes activities were generally inhibitory. It was 
found that trypsin activity was 22% lower in the pectin group as compared to the 
control (Shah et al., 1986). The decreased trypsin activity was thought to be caused 
by faster enzyme degradation in the presence of pectin, which binds calcium ions 
required for trypsin stability (Branch et al., 1975) hence causing a change in trypsin 
activity. A hypothesis was thus formulated by Shah et al. (1986) and further 
supported by Low (1989) stating that pectin can affect pancreatic secretion via 
regulation of intestinal enzyme activity. Despite Rothman (1977) suggesting that 
there is high natural variation in enzyme secretions, the Shah hypothesis is yet to be 
directly supported by experimental data. From an early review of published studies, 
the relative proportions of the enzymes in pancreatic juice varies and results in an 
inconsistent mixture (Rothman, 1977). The composition of pancreatic juice does not 
appear to change on a meal-to-meal basis but instead adapts over time (Brannon, 
1990; Flores et al., 1988; Harmon, 1992; Pilichiewicz et al., 2007; Sabb et al., 1986).  
Further, when pectin of various molecular weights was assayed for lipase inhibitory 
activity, it was concluded that the solubility and viscosity might be responsible for the 
observed inhibition of lipases. Isaksson et al. (1982) assayed the effects of viscosity 
on enzyme activities of duodenal juice and reported that increasing viscosity of 
pectin reduced pancreatic lipase activity. No conclusive explanation behind the 
ability of pectin to change exocrine enzyme activities was reached, due primarily to 
large differences in enzyme activities observed between research groups (Isaksson 
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et al., 1982). A pronounced decrease in fat digestion was observed after the addition 
of guar gum to dog diets (Zentek, 1996). A moderate effect of pectin on fat digestion 
was also observed when fed to piglets (Drochner, 1993). Decreases in fat digestion 
were thought to be due to the ability of pectin to bind bile acids which are essential 
for the establishment of micelles, promoting the absorptive process. It is well known 
that dietary fat is not directly absorbed from the intestine unless it has been 
subjected to the action of lipases (lingual, gastric or pancreatic). The two main 
products formed by the hydrolysis of dietary lipids (triglycerides) are fatty acids and 
2-monoacylglycerols. These lipolytic products are dispersed as micelles and carried 
to the site of fat absorption. Pectin is also thought to inhibit triacylglycerol hydrolysis 
by inhibiting digestive lipases. These studies concluded that pectin may have 
interacted with emulsified substrate and inhibited the adsorption of pancreatic lipase 
to the surface of substrate emulsion. Pectin reduced the amount of lipase protein in 
substrate emulsion in a concentration-dependent manner (Drochner et al., 2004; 
Tsujita et al., 2003).  
Using the pig as a model, it was later found that the inclusion of pectin (7.5 g/100 g) 
in the diet had no effect on the secretion of pancreatic juice, nor on the specific 
activities of trypsin, chymotrypsin, a-amylase or lipase (Mosenthin et al., 1994). 
Trypsin, chymotrypsin and lipase activity were not affected by pectin. However, there 
was a significant reduction in the secretion of α-amylase when corn starch was 
partially replaced by pectin (Mosenthin et al., 1994). Citrus pectin was used with a 
degree of esterification of 60-65%. The pectin that was used in the current study had 
a similar degree of esterification. As the experimental animals were of similar age 
and the diets were similar, it was therefore hypothesized that analogous 
physiological responses would be observed. 
The effect of pectin on protein digestion is slightly better understood and it is 
generally accepted that pectin decreases overall protein digestion and therefore 
absorption. The inclusion of pectin in the diet at a level of 7.5% has been shown to 
depress the ileal digestion of organic matter and crude protein (Mosenthin et al., 
1994). Significant decreases in the apparent ileal amino acid digestion were also 
observed. Another study using lower levels of pectin in the diet (5%) reported a 
marked depressive effect of pectin on apparent ileal protein and amino acid digestion 
and slight reductions in the corresponding fecal values (Dierick et al., 1983). Studies 
by Souffrant (2001) suggest that protein digestion rather than the absorption of 
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amino acids is impaired when gel-forming polysaccharides such as pectin are fed. In 
vitro studies by Hansen (1986) showed that IDF, but not SDF, affect protease activity 
showing inhibitory properties of IDF, possibly through adsorption of these enzymes 
to DF. In the small intestine, pectin and other gel-forming polysaccharides apparently 
affect the processes of digestion and absorption of dietary protein and amino acids 
as well as the secretion of endogenous protein.  
Other potential mechanisms to explain changes in exocrine enzyme activity come 
from in vitro experiments where SDFs have been shown to exhibit different inhibitory 
effects. Binding of digestive enzymes to IDF xylan and cellulose (Dunaif & 
Schneeman, 1981) and SDF guar gum (Slaughter et al., 2001) has been shown 
previously. Part of the observed effect was probably due to the adsorption of the 
enzyme to the IDF matrix, thereby reducing its activity as explained in chapter 3. 
However, they also found that other DF sources including alfalfa, oat bran, wheat 
bran, cellulose xylan and pectin exhibited differential inhibitory effects, with the 
exception of pectin which significantly raised the measured activity of α-amylase 
(Schneeman, 1982). The amount of starch in the mix was not reported. Schneeman 
(1982) hypothesized that the increased α-amylase activity was thought to be due to 
α-amylase being forced by exclusion by the negatively charged pectin into solution 
and hence, resulted in a greater relative activity in the soluble phase.  
It has thus been shown that pectin has the ability to influence pancreatic enzyme 
activity (Schneeman, 1982) and the digestion of macronutrients (Mosenthin et al., 
1994). However, the corresponding mechanisms behind these changes in digestive 
physiology have not been properly defined. 
While mechanisms of blood glucose homeostasis have been well studied, few 
studies provide explanations linking how pectin can affect glycaemic control 
explaining digestive physiological mechanisms.  
The influence of enteroendocrine hormones on exocrine enzyme secretion has been 
shown (Grendell, 2014; Williams, 2014). However, the author is unaware of any 
experiments using pigs as a model for humans that show the effects of pectin on the 
secretion of these hormones and their feedback mechanisms affecting the secretion 
of exocrine pancreatic enzymes. Other non-starch polysaccharides (NSP) have been 
shown to influence these hormones. Guar gum was shown to significantly reduce 
glucose absorption, and insulin and GIP secretion rates over a 4 h postprandial 
period (Ellis et al., 1995b). Pigs fed oat β-glucan had lower portal GIP and GLP-1, 
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which in turn were correlated with portal glucose (Hooda et al., 2010). Intestinal 
GLP-1 concentrations, plasma GLP-1 and insulin were greater and plasma glucose 
was reduced, when dogs were fed a highly fermentable beet pulp and gum fibre diet 
compared to a low fermentable cellulose fibre diet (Massimino et al., 1998). This 
implies that the mechanism is related to either degree of fermentation or to 
differences in the rheology of small intestinal digesta due to the swollen beet pulp 
and gum fibre. The consumption of isoenergetic and macronutrient-matched test 
meals enriched with soluble oat β-glucan, did not significantly affect postprandial 
responses of PYY and ghrelin concentrations, compared to a control (Weickert et al., 
2006). 
Despite this work, reported to date, it is still poorly understood what the effects of 
pectin are on pancreatic exocrine and postprandial enteroendocrine responses. 
Though numerous studies have shown that pectin decreases fat digestion in several 
animal and human studies, few studies have examined the effect of pectin from a 
purified source or from a food fraction containing pectin on the activity of secreted 
exocrine enzymes and enteroendocrine hormones. In this study, we investigated in 
detail the effect of pectin from a purified source and from mango on these 
parameters in grower pigs. Although the mango diet contains much less pectin, it is 
in the form of plant cell walls as normally consumed and there are other DFs 
(cellulose, hemicellulose) which may provide additional or attenuating effects.  
4.2 Material and Methods 
4.2.1 Experimental design, animals, housing and feeding 
The experiment was approved by The University of Queensland Animal Ethics 
Committee (AEC Approval No: CNAFS/179/11/CSIRO). Thirty Large White male 
pigs were obtained from The University of Queensland Piggery, Gatton, QLD, 
Australia, and randomly distributed into three groups of ten pigs each. Each group 
was assigned to one of three experimental diets varying in pectin source and 
quantity (Table 13). The control diet contained wheat starch as the major source of 
carbohydrate while in the other diets, apple pectin or dried mango pulp was included 
at the expense of some of the wheat starch. The estimated contents of protein, fat, 
fibre, vitamins, minerals and energy were constant between diets, and all diets were 
isocaloric (Table 14). The pectin diet contained 10% purified apple pectin (degree of 
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esterification: 59-64%) from Hawkins Watts Pty Ltd. (Mulgrave, VIC, Australia) and 
the mango diet contained 0.075% pectin (degree of esterification: ~60% from dried 
mango pulp sourced from Nutradry (Hendra, QLD, Australia). The pigs were housed 
individually on raised floors in 1.8m2 pens. Individual housing was realized by placing 
stainless steel pens side-by-side with a feeding trough at one end. Pigs could see 
and hear each other but were restricted by the pens to touch. Lights were on from 
0600 to 1800. The shed was mechanically ventilated. Post-weaning, the pigs were 
fed a commercial diet. Pigs were adapted to their allocated experimental diets over a 
period of one week after which they were fed the experimental diets for 21 days 
before slaughter. Average weight of the pigs at sampling was 54.6 ± 3.2kg. Pigs 
were fed individually according to their weight at 2.7 times the metabolisable energy 
requirements for maintenance. Pigs were weighed once a week and their dietary 
intact was increased step-wise, week-by-week according to weight. The diets were 
fed as a mash twice daily at 0800 and 1600, and allowed ad libitum access to water. 
Pigs consumed all of their meals within 20 minutes.  
Table 13: Composition of experimental diets fed to pigs (g.100g
-1
) 
Ingredients Control Pectin Mango 
Whey protein concentrate 
Calcium caseinate 
Nutradry mango powder 
Pectin Classic AF 401 85% 
Arbocel 
Celite 
Dried whole egg powder 
Palm oil 
Sunflower oil 
Wheat starch 
Limestone- 1mm + 250 um dust free 
Dicalphos 
Salt 
Sodium bicarbonate 
Potassium chloride 
Potassium carbonate 
Causmag (Mgo) 
AN GSH-PX selenium yeast 0.2% Se 
Choline chloride 60% 
DL methionine 
Lysine HCl 
L-Threonine 
L-Tryptophan 
Pig Mineral 1 (Applied Nutrition Pty Ltd*) 
3.000 
12.985 
0.000 
0.000 
6.000 
26.46 
2.000 
3.145 
0.791 
64.907 
2.096 
1.443 
0.000 
0.712 
0.156 
0.724 
0.830 
0.011 
0.045 
0.210 
0.137 
0.725 
0.043 
0.080 
3.000 
12.985 
0.000 
11.765 
6.000 
24.88 
2.000 
3.191 
0.798 
54.867 
1.321 
1.443 
0.001 
0.308 
0.448 
0.000 
0.661 
0.011 
0.045 
0.210 
0.137 
0.725 
0.043 
0.080 
3.000 
12.895 
15.000 
0.000 
6.000 
24.44 
2.000 
3.007 
0.798 
52.478 
0.793 
1.440 
0.199 
0.243 
0.195 
0.000 
0.649 
0.011 
0.046 
0.210 
0.137 
0.725 
0.043 
0.080 
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Pig Vitamin 1 (Applied Nutrition Pty Ltd*) 0.050 0.050 0.050 
*Applied Nutrition Pty Ltd, Alexandra Hills, QLD, Australia 
Table 14: Chemical composition (g.100g
-1
) of the diets fed to pigs 
Ingredients Control Pectin Mango 
Dry matter 
Protein 
Crude fibre 
Pectin 
DE_pig_MJ1 
Arginine 
Histidine 
Isoleucine 
Lysine 
Methionine 
Threonine 
Tryptophan 
Valine 
Calcium 
Phosphorus 
Av_phosphorous2 
Sodium 
Potassium 
Chloride 
Se-org3 
Fat 
Saturated fat 
Monounsaturated fatty acids 
(MUFA) 
Polyunsaturated fatty acids 
(PUFA) 
PUFA/SATFA4 
91.723 
16.019 
3.900 
0.000 
15.150 
0.499 
0.414 
0.667 
1.095 
0.571 
0.764 
0.219 
0.841 
1.300 
0.361 
0.300 
0.210 
0.300 
0.112 
0.300 
5.500 
2.030 
0.009 
0.812 
0.400 
0.522 
0.586 
91.404 
15.978 
13.900 
10.000 
15.150 
0.499 
0.424 
0.667 
1.095 
0.571 
0.764 
0.219 
0.841 
1.076 
0.361 
0.300 
0.160 
0.280 
0.250 
0.300 
5.500 
2.053 
0.010 
0.821 
0.400 
0.522 
0.586 
92.063 
16.382 
3.901 
0.075 
15.150 
0.506 
0.417 
0.673 
1.103 
0.574 
0.770 
0.222 
0.848 
0.833 
0.362 
0.300 
0.160 
0.280 
0.250 
0.300 
5.500 
2.010 
0.009 
0.804 
0.400 
0.520 
0.586 
1Digestible energy- (mega joules), 2Av_phosphorous- available phosphorous, 
3Se_org- Selenium organic, 4Saturated fatty acids 
4.2.2 Measurements 
Pigs were weighed each week in order to adapt feeding levels to individual metabolic 
body weights. Each pig received an IM injection of 0.15 mg/kg of butorphanol and 3 
mg/kg of Zoletil®. They were then delivered isoflurane in oxygen by mask while a 20 
G catheter was secured in an ear vein. Some pigs were sufficiently anaesthetised 
without further drug administration but most required a small dose of thiopentione 
sodium IV (2.5 mg/kg, 0 – 4.8 mg/kg). The trachea was intubated and anaesthesia 
was maintained with isofluorane delivered in oxygen for the duration of surgery. 
Pulse oximetry and capnography were performed throughout the procedure. While 
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mild hypercapnoea was detected in some pigs, haemoglobin saturation was 
maintained (SaO2 > 95%) in all but two pigs which had transient episodes of 93 – 
94%. The surgery proceeded without complications. The abdominal cavity was 
opened by midline laparotomy, and the digestive tract ligated to prevent digesta flow 
between gastrointestinal sections. The gastrointestinal tract (GIT) was subsequently 
removed, weighed and length measured. The GIT was separated into stomach, 
small intestine and large intestine and then further divided. The small intestine (SI) 
was divided into four non-equal portions. The first two metres after the stomach was 
termed SI1 while the last meter from the ileo-caecal junction was termed SI4. The 
remaining small intestine was divided into two equal parts and termed SI2 and SI3. 
The contents of each section were carefully removed, weighed, pH measured and 
samples frozen at -20oC. 
4.2.2.1 Residual starch analysis 
Digesta samples from the stomach to SI4 were initially viewed under a polarised light 
microscope (Zeiss Axio Scope A.1 with a polarising filter), with images captured by 
the objective camera (Zeiss Axiocam ERc5s). Starch granules were observed in 
digesta from the stomach, SI1, SI2 and SI3, but not SI4. Residual starch was 
determined in these GIT sections after digestion with α-amylase and 
amyloglucosidase using the Megazyme D-glucose (GOPOD format) kit (AACC 
Method 76-13) following the procedure given by the manufacturer.  
4.2.2.2 Residual lipid analysis 
Percentage of fat in small intestinal digesta samples was determined using the ether 
fat extraction method (AACC 30-25). Wet digesta (100mg) was weighed and freeze-
dried followed by ether fat extraction. Weight/weight percentage was calculated and 
residual crude fat determined. 
4.2.2.3 Residual protein analysis 
The percentage of residual nitrogen (N) was determined using the Kjeldahl-method 
(Mortensen et al., 2003). Once the amount of N in the digesta was determined, this 
value was then multiplied by 6.25 (conversion factor) to represent the amount of 
crude residual protein and expressed against g DM. 
60 
 
4.2.2.4 Enzyme activity analyses 
All enzyme activities were expressed as U/mL, U/g DM and U/mg Cr thereby 
correcting for changes in amylase activity related to the disappearance of nutrients 
along the digestive tract. Each assay was performed in duplicate. 
Alpha-amylase Activity Assay. As per chapter 3 section 3.2.2 Analyses of pancreatic 
digestive enzymes 
Trypsin Activity Assay. As per chapter 3 section 3.2.2 Analyses of pancreatic 
digestive enzymes 
Lipase Activity Assay. The lipase activity assay kit (BioVision 723-100, California, 
USA) measures the hydrolysis of a specific substrate to generate a product which 
reacts with a 5, 5’-dithiobis (2-nitro benzoic acid) DTNB probe to generate colour. 
Intestinal contents from SI1-SI4 were thawed and 10 µL placed into a microplate 
well. An additional 135 µL of assay buffer, 10 µL of DTNB probe and 5 µL of 
manufacturer’s proprietary substrate were added to the digesta. Digesta samples 
were vortex mixed to ensure homogeneity as centrifuging the samples caused phase 
separation. The dilution factor between sample and buffer was taken into 
consideration for the activity calculations. One unit (U) of enzyme activity was 
defined as the amount of enzyme that hydrolysed 1 µmol substrate per minute.  
4.2.2.5 Enzyme-linked immunosorbent assays  
Enzyme-linked immunosorbent assays (ELISAs) (CUSABIO, ELISA Kit 
Manufacturer, Hubei Province, P.R. China) were used to estimate the concentration 
of secreted digestive enzymes from small intestinal contents. For α-amylase and 
trypsin ELISAs, small intestinal contents were centrifuged at 1000×gravity for 10 
minutes to remove debris. For lipase ELISA, small intestinal contents were vortex 
mixed to ensure homogeneity, as centrifuging the samples causes phase separation. 
All ELISAs had high sensitivity and specificity for detection of their respective 
enzyme and no significant cross-reactivity or interference between enzymes and 
homologues was reported by CUSABIO. The experimental method followed the 
manufacturer’s guidelines. All samples were measured in duplicate and the average 
used for results. 
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4.2.2.6 Blood analysis - enteroendocrine hormones 
Blood was taken two hours postprandial from the jugular vein. Blood was collected 
into BDTM P800 VacutainersTM coated with a proprietary cocktail of protease, 
esterase and DPP-IV inhibitors. All tubes containing blood were kept on ice, and 
were centrifuged at 4oC. 
Plasma samples were analysed for glucose according to a standard procedure using 
glucose hexokinase II and enzymatic colorimetric determination. Plasma insulin was 
analysed by RIA (Siemens Coat-a-Count kit 10381347), with assay sensitivity of 0.9 
mIU/mL, and within and between assay precision of 6.7% and 7.9% respectively for 
a quality control of 22.9 mIU/mL. GLP-1 was analysed by RIA (Millipore GLP-1 active 
kit GLP1A-35HK) with assay sensitivity of 3pM, and within and between assay 
precision of 5.2% and 3.7% respectively for a quality control of 40.0 pM. GIP was 
analysed by ELISA (Millipore GIP kit EZRMGIP-55HK) with assay sensitivity of 8.2 
pg/mL, and within and between assay precision of 0.7% and 0.4% respectively for a 
quality control of 540.7 pg/mL. Peptide YY was analysed by RIA (Millipore kit PCP-
22K) with assay sensitivity of 0.1 ng/mL, and within and between assay precision of 
4.2% and 5.8% respectively for a quality control of 188.4 pg/mL. C Peptide was 
analysed by RIA (Millipore kit PCP-22K) with assay sensitivity of 0.1 ng/mL, and 
within and between assay precision of 2.3% and 6.7% respectively for a quality 
control of 0.58 ng/mL. CCK was analysed by RIA (Euro Diagnostica RB 302) with 
assay sensitivity of 0.3 pM, and within assay precision of 3.1% for a quality control of 
12.5 pM. Ghrelin was analysed by RIA (Millipore kit GHRA-88HK) with assay 
sensitivity of 2.3 pg/mL, and within and between assay precision of 5.7% and 3.2% 
respectively for a quality control of 64.9 pg/mL. Leptin was analysed by RIA 
(Millipore kit XL-85K) with assay sensitivity of 0.2 ng/mL, and within and between 
assay precision of 6.3% and 6.3% respectively for a quality control of 3.2 ng/mL. The 
assay precisions above are expressed as % Coefficient of Variation (CV), which is 
the standard deviation/mean as a percentage. 
4.2.2.7 Dietary markers 
Chromium chloride (CrCl3) (198mg/kg DM) was added to diets as a constant feed 
marker. Marker content was determined by digesting 300mg of dried sample in 6 mL 
nitric acid and 2 mL perchloric acid followed by the addition of reverse osmosis (RO) 
water to 20 mL total volume. The digested samples were analysed using an 
62 
 
inductively coupled plasma atomic emission spectrometer (Optima7300 DV, Perkin 
Elmer; Wellesley, MA, USA). 
4.2.3 Statistical analyses 
The experimental units for all parameters were the 30 pigs. Enzyme activities and 
concentrations were analysed using the MIXED procedure in SAS 9.3 (SAS Institute, 
Inc., Cary, NC, USA), including the Diet as a fixed effect and pig as a random effect. 
The effects of Diet, GIT Site and interaction of Diet*GIT Site was determined by the 
slice statement using the same model. If the slice statement reported significant 
differences, a Post Hoc test using the Tukey method was further used to determine 
differences between groups. Data are shown as means and standard error (SE) of 
the means. Group means were analysed using Proc GLM and significance of 
treatment differences was set at P<0.05. Tendencies were reported when 
0.05<P<0.1. 
4.3 Results  
4.3.1 Pig performance 
The pigs appeared healthy and consumed their daily allowances for the entire 
experiment. The surgery proceeded without complications. All separating, sub-
sampling and weighing of digesta was performed on trays kept above ice-slurries to 
quickly reduce the temperature of digesta samples. 
4.3.2 Residual starch, fat and protein 
Values for starch, fat and protein digestion are shown in Table 15, 16 and 17 
respectively. The inclusion of pectin in the diet at the expense of wheat starch 
increased starch digestion in the proximal jejunum (P=0.028), decreased the 
digestion of fat in the proximal jejunum (P=0.048) and increased digestion of protein 
in the distal jejunum and ileum (P<0.001). There was not enough digesta in SI1 to 
perform residual protein and fat analysis for all pigs fed the pectin and mango diets. 
Hence, values from SI1 are shown but not considered in statistical analyses. 
Polarised light microscope images of digesta (Figure 11) show an abundance of 
starch granules in GIT sites SI1 and SI2. Fewer starch granules were seen in GIT 
site SI3 for pectin-fed pigs. Based on polarised microscope images, total starch 
analysis was performed to determine residual starch (Table 15). 
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Figure 11: Polarised light microscope images of starch granules in digesta (small white dots are starch granules) of pigs adapted to and fed a diet 
without any pectin (Control), or 15% Mango (Mango) or 10% pectin (Pectin) at the expense of wheat starch 
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Although the amount of wheat starch differed in the diets (Table 13), the amount of 
starch detected in the stomach of pectin-fed pigs was not significantly different 
(P=0.23) when compared with control and mango-fed pigs. Regardless of the diet, 
significantly less starch was found in SI1 when compared with the stomach 
(P<0.001). No overall GIT*Diet interaction effect was observed (P=0.14). However a 
GIT*Diet interaction was observed for SI2 as pectin-fed pigs had less residual starch 
when compared with control and mango-fed pigs (P=0.028). 
Table 15: Apparent gastric and small intestinal residual starch (%DM) (mean ± SE) of pigs 
adapted to and fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% pectin 
(Pectin) at the expense of wheat starch  
Residual 
Starch 
(%DM) 
n Control  SE Mango  SE Pectin  SE 
P-values 
GIT Diet GIT*Diet 
STO 3 39.6  3.9 44.9 2.2 37.3 3.5 
<0.001 0.73 0.14 
SI1 6 7.0 2.2 7.2 3.2 11.9 4.4 
SI2 6 4.9 1.0 4.7 1.5 1.3 0.2 
SI3 6 1.3 0.1 0.9 0 1.0 0.2 
*where STO=stomach, SI1, SI2 and SI3= small intestine 1, 2 and 3 respectively 
The percentage of fat in the diet was 5.5% and in the stomach, the mean across all 
pigs was 3.74%. The percentage of fat weight/weight (W/W) determined in the 
stomach was slightly lower than what was fed to the pigs in the diet. There was not 
enough digesta in GIT site SI1 to determine the residual fat percentage for this 
section. No overall significant differences were found due to diet between residual fat 
percentage (P=0.49). A significant difference of residual fat was observed between 
GIT sites (P<0.001). Regardless of the diet, the decrease in residual fat between the 
stomach and SI2 was significant (control P<0.001, mango P<0.001, pectin P<0.001). 
Although no overall significant difference was observed for the interaction of 
GIT*Diet (P=0.99), there was significantly less residual fat in GIT site SI2 for pectin-
fed pigs when compared with mango and control-fed pigs (P=0.048).  
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Table 16: Apparent gastric and small intestinal residual lipids (%weight/weight ± SE) of pigs 
adapted to and fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% pectin 
(Pectin) at the expense of wheat starch  
Residual 
lipids 
(%w/w) 
n Control SE Mango  SE Pectin  SE 
P-values 
GIT Diet GIT*Diet 
STO 10 3.58 0.5 3.77 1.2 3.87 1.2 
<0.001 0.49 0.99 
SI2 8-9 0.24 0.08 0.70 0.2 1.07 0.4 
SI3 10 0.44 0.1 0.46 0.1 0.80 0.2 
SI4 4-6 0.42 0.2 0.08 0.04 0.75 0.3 
*where STO=stomach, SI2, SI3 and SI4= small intestine 2, 3 and 4 respectively 
Apparent protein disappearance is presented in Table 17. No overall significant 
differences were found due to diet between the digestion and absorption of protein in 
the small intestine (P=0.11). However, the interaction effects observed between GIT 
sites and diets for SI1, SI2, SI3, SI4 were significantly different where P=0.060, 
0.025, 0.025 & 0.034 respectively.  
Table 17: Apparent gastric, small and large intestinal residual protein (g/kg DM ± SE) of pigs 
adapted to and fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% pectin 
(Pectin) at the expense of wheat starch  
Residual 
Protein 
(g/kg DM) 
n Control SE Mango SE Pectin SE 
P-values 
GIT Diet GIT*Diet 
STO 10 14.32 0.6 15.24 0.3 17.25 1.4 
<0.001 0.63 <0.001 
SI1 1-4 25.77 6.6 29.95 NA 18.21 NA 
SI2 10 18.14 1.9 13.87 1.1 16.75 3.1 
SI3 10 16.59 1.0 13.40 0.6 12.60 1.1 
SI4 5-9 13.32 0.6 11.59 1.2 9.04 0.5 
Cae 10 5.43 0.4 9.73 0.5 10.26 1.5 
PC 10 6.70 0.3 8.53 0.2 10.74 1.1 
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MC 10 6.14 0.3 8.01 0.2 9.68 0.6 
DC 10 5.62 0.3 7.68 0.4 8.96 0.4 
*where STO=stomach, SI1, SI2, SI3 and SI4= small intestine 1, 2, 3 and 4 and Cae, 
PC, MC and DC=Caecum, proximal colon, mid colon and distal colon respectively 
 
Pectin was found to increase protein digestion in the small intestine when compared 
with control-fed pigs. In the caecum and proximal colon, pectin-fed pigs had 
significantly higher protein levels (P=0.003 and 0.034 respectively) compared with 
control fed-pigs. This is probably due to greater amounts of microbial protein 
stimulated by the SDF in pectin and mango diets. 
4.3.3 Pancreatic digestive enzymes 
Small intestinal digesta were analysed for pancreatic enzyme activity and 
concentration. Pancreatic α-amylase, lipase and trypsin activities are expressed on a 
wet basis, dry matter basis and against the indigestible marker Cr in Table 18. 
Enzyme activities expressed against g DM were used to determine statistical 
significance as there was not enough digesta in all GIT sections, especially in SI1 to 
recover the indigestible marker Cr. 
Pancreatic α-amylase activity (U/g DM) from pectin-fed pigs was significantly higher 
in small intestinal sections SI1, SI2 and SI3 when compared with control-fed pigs, 
P<0.001, <0.001 & <0.001 respectively. Pancreatic α-amylase activity from SI1-SI4 
from mango-fed pigs was not significantly different when compared with control-fed 
pigs (P>0.05). 
Pancreatic lipase activity (U/g DM) from pectin-fed pigs was significantly lower in 
small intestinal sections SI1, SI2 and SI3 when compared with control-fed pigs, 
P<0.001, <0.001 & 0.026 respectively. Pancreatic lipase activity from mango-fed 
pigs was intermediate when compared with control and pectin-fed pigs. 
Trypsin activity (U/g DM) from pectin-fed pigs was significantly lower in small 
intestinal sections SI1, SI2, SI3 and SI4 when compared with control-fed pigs, 
P<0.001, 0.009, 0.009 and 0.019 respectively. Trypsin activity from mango-fed pigs 
was intermediate when compared with control and pectin-fed pigs.  
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Table 18: Digestive enzyme activities (U/ml, U/g DM and U/mg Cr) in small intestinal digesta from compartments SI1-SI4 (mean ± SE) of pigs 
adapted to and fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% pectin (Pectin) at the expense of wheat starch  
     
Diet (LS means) P-values 
Digestive Enzyme Activity (U/mL) n Control SE Mango SE Pectin SE GIT Diet GIT*Diet 
 
α-amylase 
 
 
SI1 
  
6-8 235.8 24.4 178.9 51.5 730.0 223.9 
0.21 0.011 0.039 
 
SI2 
  
10 304.5 19.5 251.9 16.3 654.2 174.7 
 
SI3 
  
10 321.5 21.3 278.5 13.0 401.9 128.3 
 
SI4 
  
6-8 322.5 27.4 227.1 32.3 209.6 70.1 
 
Lipase 
     
   
    
 
SI1 
  
6-8 14.3 1.6 10.9 3.3 6.3 2.1 
<0.001 <0.001 0.023 
 
SI2 
  
10 12.0 0.8 11.2 2.2 5.5 0.8 
 
SI3 
  
10 5.9 0.9 5.8 1.0 4.0 0.5 
 
SI4 
  
6-8 2.7 0.7 2.4 0.2 2.9 0.4 
 
Trypsin 
     
   
    
 
SI1 
  
6-8 84.8 16.2 44.2 17.8 24.8 5.9 
0.002 <0.001 0.67 
 
SI2 
  
10 108.2 14.7 69.2 8.2 30.0 6.4 
 
SI3 
  
10 90.2 7.6 63.4 5.4 16.4 3.2 
 
SI4 
  
6-8 72.0 12.2 48.9 9.1 10.7 3.5 
Digestive Enzyme Activity (U/g DM) 
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α-amylase 
 
 
SI1 
  
6-8 2807.5 498.1 2529.9 716.0 6570.9 498.1 
0.001 0.007 0.12 
 
SI2 
  
10 2468.3 191.9 2237.2 224.5 5936.4 191.9 
 
SI3 
  
10 1489.9 99.0 1572.2 89.9 3026.9 99.0 
 
SI4 
  
6-8 1818.5 198.7 1491.0 182.8 1315.7 198.7 
 
Lipase 
     
   
    
 
SI1 
  
6-8 175.5 33.3 124.1 26.8 62.3 19.2 
<0.001 0.003 0.002 
 
SI2 
  
10 99.0 9.6 98.0 22.8 50.2 6.4 
 
SI3 
  
10 27.6 3.6 31.9 5.1 30.5 3.5 
 
SI4 
  
6-8 16.4 3.2 22.5 1.2 20.5 2.6 
 
Trypsin 
 
 
SI1 
  
6-8 957.7 242.6 573.0 258.4 258.6 93.6 
<0.001 <0.001 0.38 
 
SI2 
  
10 914.8 167.0 598.7 79.4 274.6 56.2 
 
SI3 
  
10 430.0 34.8 353.0 27.4 123.2 24.5 
 
SI4 
  
6-8 450.6 68.4 340.4 57.1 81.0 19.6 
Digestive Enzyme Activity (U/mg Cr) 
          
 
α-amylase 
 
 
SI1 
  
1-3 9913.7 4489.1 244.7 N/A 36019.8 N/A 
<0.001 <0.001 <0.001 
 
SI2 
  
8-10 378.8 50.0 273.6 57.4 832.0 318.5 
 
SI3 
  
10 44.2 8.1 46.8 4.4 137.2 43.9 
 
SI4 
  
6-8 0.0 58.0 203.5 37.0 95.2 31.9 
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Lipase 
  
 
  
   
    
 
SI1 
  
1-3 754.0 465.2 11.3 N/A 99.5 N/A 
0.005 <0.001 0.001 
 
SI2 
  
8-10 15.0 2.1 14.1 5.3 6.2 1.1 
 
SI3 
  
10 0.6 0.2 1.0 0.3 2.1 0.9 
 
SI4 
  
6-8 0.0 0.5 5.5 0.9 1.7 0.4 
 
Trypsin  
 
SI1 
  
1-3 2036.3 822.4 0.0 N/A 960.8 N/A 
<0.001 <0.001 <0.001 
 
SI2 
  
8-10 142.4 32.7 75.2 15.7 34.9 7.5 
 
SI3 
  
10 17.9 2.9 10.5 1.1 7.5 3.0 
 
SI4 
  
6-8 40.5 13.3 44.6 7.7 6.3 2.1 
*where SI1, SI2, SI3 and SI4= small intestine 1, 2, 3 and 4 respectively and enzyme units: amylase unit = the amount of 
amylase that cleaves ethylidene-pNP-G7 to generate 1.0 µmol of Nitrophenol per minute at pH 7.2 at 25oC; lipase unit = 
the amount of lipase which hydrolyses a proprietary substrate to generate 1.0 µmol of TNB per minute at pH 8 at 37oC 
(Lipase + substrateProduct, Product + 5,5'-dithiobis-(2-nitrobenzoic acid) DTNB  TNB); trypsin unit = the amount of 
trypsin that cleaves N-a-benzoyl-DL-arginine-p-nitroanilide (BAPNA) to generate 1.0 µmol of p-NA per minute at 25oC. 
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Diet was not observed to significantly affect apparent α-amylase, pancreatic lipase or 
trypsin concentration from ELISA assays, (P=0.89, 0.56 & 0.83 respectively - Table 19). 
Pancreatic α-amylase and trypsin concentration significantly decreased along the small 
intestine P=0.009 and 0.002 respectively, though pancreatic lipase concentration did not 
follow the same trend (P=0.59) as concentration levels fluctuated along the length of the 
small intestinal tract. 
No correlation was found between pancreatic α-amylase activity and concentration 
(Pearson r=0.06). However, a correlation was found between pancreatic lipase activity and 
concentration in GIT sites SI1 and SI2 with Pearson r=0.47 and 0.48 respectively. This 
suggests that increased lipase concentrations were associated with increased lipase 
activity. The Pearson’s correlation coefficient for pancreatic lipase over the whole tract was 
not as strong (r=0.3). A similar trend was found between the concentration of trypsin and 
its associated activity. A positive Pearson’s correlation coefficient was found for GIT Sites 
SI1 and SI2 with Pearson r=0.56 and 0.50 respectively. The correlation between trypsin 
concentration and activity over the whole tract remained positive and strong (r=0.47). 
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Table 19: Apparent pancreatic enzyme concentrations in small intestinal digesta from ELISA assays from compartments SI1-SI4 (means ± SE) of 
pigs adapted to and fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% pectin (Pectin) at the expense of wheat starch  
  
Diet (LS means) P-values 
Pancreatic Enzyme 
Concentration 
n Control SE n Mango SE n Pectin SE GIT Diet GIT*Diet 
α-amylase (ng/g DM)  
SI1 3 5540.0 2544 3 9145.9 2216 3 6003.4 1937 
0.009 0.89 0.17 
SI2 3 5148.9 2126 3 2026.5 354 3 2547.6 442 
SI3 3 3942.2 898 3 2909.4 856 3 4596.1 768 
SI4 2 4000.7 3 3 4233.6 903 2 3039.3 475 
Lipase (U/g DM)  
SI1 3 4363.4 2063 3 4084.6 2048 3 7890.9 5612 
0.59 0.56 0.66 
SI2 3 4553.0 661 3 2838.3 401 3 2554.0 282 
SI3 3 1960.0 346 3 3751.5 1122 3 5154.4 916 
SI4 2 5772.7 3391 3 1612.2 244 2 5484.0 1441 
Trypsin (pg/g DM)  
SI1 3 27679.6 7841 3 32091.9 9588 3 28981.0 6921 
0.002 0.83 0.79 
SI2 3 18761.2 2587 3 13951.9 3595 3 14254.1 1840 
SI3 3 10734.2 383 3 18356.5 683 3 11096.3 1428 
SI4 2 13314.5 1948 3 15238.3 512 2 9947.7 474 
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4.3.4 Enteroendocrine hormones 
Blood was taken two hours postprandially from the jugular vein. Diet did not have a 
significant effect on plasma insulin or glucose concentrations. However, diet did have a 
significant effect on the incretins, GIP and GLP-1 and PYY levels (Table 20). Pectin-fed 
pigs had significantly lower GIP (P=0.002) and GLP-1 (P=0.041) plasma concentrations 
two hours postprandially when compared with control-fed pigs. PYY concentrations tended 
to increase in pectin-fed pigs (P=0.066). Diet did not affect ghrelin (P=0.88), leptin 
(P=0.65) or adiponectin (P=0.91) plasma concentrations two hours postprandially. Mango 
values were intermediate between control and pectin-fed pigs for GIP, GLP-1 and PYY 
presumably due to the lower concentration of pectin.  
Table 20: Enteroendocrine and endocrine pancreatic hormone plasma concentrations two hours 
postprandial (means ± SE) of pigs adapted to and fed a diet without any pectin (Control), or 15% 
Mango (Mango) or 10% pectin (Pectin) at the expense of wheat starch 
 
Unit Control SE Mango SE Pectin SE 
P-
values 
   
 
 
 
  
Diet 
Glucose mM 6.2 0.2 6.3 0.2 6.6 0.4 0.58 
Insulin mIU/mL 7.9 1.4 8.5 1.5 7.2 0.6 0.45 
Ratio I:G 
 
1.28 1.3 1.4 0.3 1.1 0.1 0.45 
GIP pg/mL 701.1 58.5 565.9 40.4 441.5 36.2 0.002 
GLP-1  pM 53.9 3.6 45.1 4.3 38.1 4.5 0.041 
Peptide YY pg/mL 195.5 14.7 240.8 19.2 265.2 26.1 0.068 
Ghrelin ng/mL 99.61 6.7 94.70 8.3 93.84 7.5 0.84 
Leptin ng/mL 1.43 0.2 1.44 0.2 1.31 0.2 0.65 
Adiponectin 
 
3.67 0.4 3.54 0.6 2.96 0.6 0.91 
*n=10 pigs for each diet; total of 30 pigs; Ratio I:G = Insulin conc. (two hours 
postprandial)/Glucose conc. (two hours postprandial) 
4.4 Discussion 
Replacing some dietary wheat starch with 10% high methoxyl apple pectin increased α-
amylase activity in the duodenum and jejunum and increased circulating levels of the gut 
peptide PYY. Furthermore, apparent fat digestion was decreased in the small intestine of 
pectin-fed pigs while apparent starch and protein digestion increased. Moreover, pectin-
fed pigs had lower pancreatic lipase and trypsin activity in small intestinal digesta and 
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lower plasma concentrations of the incretins GIP and GLP-1.These results support other 
studies showing an inhibitory effect of pectin on lipase and trypsin in rats (Forman & 
Schneeman, 1980), pigs (Mosenthin et al., 1994) and in vitro (Dunaif & Schneeman, 1981; 
Edashige et al., 2008; Hansen, 1987; Tsujita et al., 2003) but the present results for 
amylase are in contrast to a previous study showing a significant decrease in α-amylase 
activity in pigs despite a difference in starch content between the test diets (Mosenthin et 
al., 1994). The magnitude of difference between the digestive pancreatic enzymes is 
similar to other studies in pigs (Mosenthin & Sauer, 1991). 
Several factors may account for the discrepancies between different studies. The sample 
collection varies widely between different studies. Mosenthin et al. (1994) used T-cannulas 
and permanent re-entrant cannulas which require invasive surgery and has been shown to 
influence pancreatic secretions. Finally, the quantification method of physiological 
parameters differs extensively between different studies. For example, there is 
unfortunately, no standardised method to determine enzyme activity from small intestinal 
contents.  
4.4.1 Macronutrient digestion and digestive enzyme activities 
The activity of α-amylase was significantly higher for pectin-fed pigs in GIT sites SI1, SI2 
and SI3 when compared with control-fed pigs. This high activity of α-amylase did not 
correlate with a high concentration of the α-amylase protein as determined by ELISA. 
Pancreatic α-amylase activity of this magnitude was not expected for pectin-fed pigs as 
Mosenthin et al. (1994) had observed a significant decrease in α-amylase activity when 
citrus pectin was fed to grower pigs. Two possible explanations were surmised. The first 
was that the pectin in the diet could be interfering with the α-amylase activity assay. In the 
present study, intestinal samples from mango and control-fed pigs had a supernatant 
which was easily extractable using a pipette, while the intestinal samples from pectin-fed 
pigs were very viscous and hence, difficult to extract. To solve this issue, a small portion of 
digesta was weighed and diluted with 2 mL buffer, after which the supernatant was easier 
to extract. To ensure the viscous pectin was not trapping any α-amylase, the samples 
were treated with a pectinase (Novozyme 33095) to determine if there were any trapped α-
amylase proteins that could be freed. The results suggested that no α-amylase was 
trapped in the pellet and that the α-amylase was in the supernatant. 
Alternatively, α-amylase activity of this magnitude could be due to a hyper-secretion of α-
amylase in pectin-fed pigs. However, pancreatic α-amylase concentration was not 
significantly different for pectin-fed pigs when compared with control-fed pigs. It has been 
 74 
shown that pancreatic polypeptides such as PYY reduce pancreatic exocrine secretions in 
humans and dogs (Lonovics et al., 1981; Williams, 2014). Two hours postprandially, 
pectin-fed pigs had significantly higher circulating levels of PYY. Complementing the 
postprandial concentrations of PYY are the significantly lower lipase and trypsin activities, 
but this does not explain the high activity of α-amylase. 
Another possible explanation for high pancreatic α-amylase activity might be due to more 
α-amylase being present in the soluble phase as opposed to being bound to neutral 
insoluble food components such as cellulose. Increased α-amylase activity in the presence 
of pectin has been observed in vitro (Dunaif & Schneeman, 1981; Schneeman, 1982) and 
this effect could be occurring in vivo. It is proposed that as the pectin is charged at low 
intestinal pH values, and was incorporated into the diet in a large concentration (10%), this 
effect on pancreatic α-amylase being forced into the soluble phase could have been 
amplified (Nielsen et al., 1999). Low affinity between ultrafine silica negatively charged 
particles and α-amylase has also been shown to increase α-amylase activity (Kondo et al., 
1996). This is the first time this observation has been reported in vivo and complements 
what has been found in vitro (Dunaif & Schneeman, 1981). As a result of the high 
pancreatic α-amylase activity in GIT sites SI1, SI2 and SI3, carbohydrate digestion 
occurred more rapidly as seen by the diminished number of starch granules in SI2 by 
microscopy and decreased residual starch by biochemical analysis. Pectin at this 
concentration therefore, appears to have increased the digestion of wheat starch which 
contradicts in vivo results to date (Drochner et al., 2004; Forman & Schneeman, 1980; 
Mosenthin et al., 1994) which state that pectin reduces the rate of macronutrient digestion. 
Generally, lipid digestion and absorption is complete by the terminal ileum (Iqbal & 
Hussain, 2009). Pancreatic lipases catalyse the hydrolysis of ester bonds that attach fatty 
acids to the glycerol backbone in di- and triacylglycerols. Sn-2 ester bonds slowly undergo 
a non-enzymatic isomerization to 1-monoacylglycerols under the alkaline conditions of the 
small intestine, subsequently making them available for hydrolysis (Brownlee et al., 2010). 
The complete hydrolysis of lipids in the small intestine is therefore affected by the amount 
and activity of pancreatic lipase, and also the rate of passage of small intestinal contents 
(chapter 5). Pectin has the ability to create a viscous environment leading to impaired 
digestion and absorption of fat in the small intestine (Laerke et al., 2008). The reduced 
activity of pancreatic lipase could be due to, 1) less enzyme being secreted in response to 
e.g. high circulating PYY levels (Cooper, 2014) and/or 2) the viscous environment in the 
small intestine (Drochner et al., 2004) and/or 3) interactions with bile salts (Konturek et al., 
1976), and/or 4) SDF changing the lipid droplet size and therefore changing the available 
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surface area for enzyme hydrolysis (Pasquier et al., 1996) and/or 5) the negatively 
charged pectin could create an interfacial pH gradient which has been shown to inhibit 
lipase activity (Brockerhoff, 1974).  
The pig diets were based on wheat starch and starch digestion was almost entirely 
complete by the end of GIT site SI2. Small intestinal digesta spent on average 0.5 h (time 
SI1 + time SI2) to reach SI3 (chapter 5). The length associated with SI1 and SI2 was on 
average 6.5 ± 0.5 meters. This suggests that starch hydrolysis in the duodenum and 
proximal jejunum was very efficient, with complete absorption occurring within the first 
hour in the small intestine. Interestingly, enzyme activities used in vitro (~ 100 U/mL) are 
comparable to what was determined in the small intestinal tract of the pigs in the current 
study (Hasjim et al., 2010; Minekus et al., 2014). Yet even the most current in vitro 
digestion protocols do not differentiate between the time taken to hydrolyse different food 
components, as two hours is the suggested time for small intestinal digestion (Minekus et 
al., 2014). 
4.4.2 Digestive enzyme concentrations 
Previous studies have shown that pancreatic lipase and trypsin enzyme activity and 
concentrations are correlated (Sternby et al., 1991), but this has apparently not been 
demonstrated for pancreatic α-amylase. The concentration of these three main exocrine 
enzymes was determined and correlated to activity. For this analysis, nine pigs were 
chosen, three pigs from each diet. These pigs had enzyme activities that covered the full 
range measured, from high to low. Pancreatic α-amylase concentration correlated poorly 
with activity, though pancreatic lipase and trypsin concentrations and activity were 
positively correlated. ELISA assays provide an insight into the concentration of a protein 
but do not distinguish between fragments or whole enzymatically active proteins. An 
enzyme might no longer be active, yet the ELISA would be able to detect a sequence of 
amino acids, not necessarily from a functional protein. More work is needed to better 
define the specificity of ELISA test assays, particularly for amylase. 
α-amylase activity was detected throughout the entire small intestinal tract. This has also 
been found previously (Layer et al., 1986), yet very low amounts of starch were found after 
the mid-jejunum. Digestive enzymes, especially proteases have the ability to adsorb non-
specifically to food (chapter 3) which may also allow α-amylase to persist and remain 
active all the way to the terminal ileum (Holtmann et al., 1997). Eventually, these digestive 
enzymes would be broken down and used as energy sources by the microbiota, most 
likely at the end of the small intestine and in the large intestine. 
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As has been previously observed (Holtmann et al., 1997), the activity of pancreatic lipase 
decreased steadily along the small intestinal tract. The activity of pancreatic lipase was 
found to positively correlate with pancreatic lipase concentration in GIT sites SI1 and SI2. 
Previous studies have shown correlations between pancreatic lipase and trypsin activity 
and concentration (Sternby et al., 1991). The positive correlation between enzyme activity 
and concentration ceases to exist distal to the stomach. As enzymes lose their activity due 
to proteolysis or auto-degradation, protein fragments of the enzymes are potentially still 
recognised by the ELISA, thus giving a false positive recording. However combining these 
two analyses together provides insight into the amount of enzyme secreted reflecting the 
activity and the degradation of these enzymes along the small intestinal tract.  
Despite trypsin activity being significantly lower in the small intestinal digesta of pectin-fed 
pigs, protein digestion by the terminal ileum was significantly higher when compared with 
control-fed pigs. It was therefore hypothesised that this increase in protein digestion was 
due to differences in macronutrient properties. Starch particles are large (10 micron) while 
proteins are mostly soluble (<10nm). Due to size difference, the proteins could potentially 
diffuse into the pectin ‘gel’ whereas the starch particles could not. As a result, protein 
digestion was efficient as the trypsin is apparently concentrated in the ‘gel’ (as judged by 
lower activity in the supernatant despite similar protein levels by ELISA).  
4.4.3 Enteroendocrine hormone concentrations 
Soluble dietary fibres have been shown to affect enteroendocrine hormone secretions 
(Bodinham et al., 2013; Karhunen et al., 2008; Sánchez et al., 2012). In terms of gut 
peptides, pectin-fed pigs were observed to have significantly reduced circulating levels of 
the incretins GIP and GLP-1 and tended to have increased circulating levels of PYY two 
hours postprandially when compared with control-fed pigs. Gut peptides have a very short 
half-life of 2-7 minutes (Baggio & Drucker, 2007; Manning & Batterham, 2014), and as a 
result circulating blood levels of these hormones are likely to be a direct reflection of 
secretion. As the blood samples were collected two hours postprandially, significant 
differences were expected as retention times would have differed depending on the diet 
(chapter 5). GIP is a peptide hormone that inhibits stomach movements and enhances 
glucose-stimulated insulin release (Kreymann et al., 1987; Sherwood et al., 2012). GIP is 
secreted in response to nutrient ingestion, especially carbohydrate and fat. It is the rate of 
nutrient absorption more than actual presence which dictates the secretion of GIP. The 
half-life of GIP is very short (2-7 minutes) depending on the animal species, and is 
inactivated by dipeptidyl peptidase (DPP-4). GIP has no effect on GLP-1 secretion in 
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humans but binds to β-cells in the pancreas and enhances insulin secretion. Pectin-fed 
pigs had significantly lower GIP and GLP-1 levels than control or mango-fed pigs 
potentially due to increased starch digestion and hence less starch being detected by the 
intestinal I and L cells.  
GLP-1 is secreted by the L cells found along the small intestinal tract, and more densely in 
the terminal ileum and colon (Baggio & Drucker, 2007). The primary physiological stimulus 
for GLP-1 secretion is the presence of undigested nutrients, specifically fats and 
carbohydrates in the intestinal tract. GLP-1 has a very short half-life (less than two 
minutes) and is also inactivated by DPP-4. Significantly less circulating GLP-1 in pectin-fed 
pigs suggests that less GLP-1 was secreted by the L cells. This is apparently inconsistent 
with the higher levels of fat found in the terminal ileum in pectin-fed pigs. These 
undigested lipids could have been expected to increase GLP-1 secretion. It is therefore 
hypothesised that pectin has the ability to mask undigested macronutrients or that 
increased viscosity hampers nutrient sensing, a concept which has been previously raised 
(Sleeth et al., 2010). 
Low circulating incretin levels are often associated with low concentrations of plasma 
insulin. Plasma insulin concentrations two hours postprandially, did not reflect the 
significantly lower incretin levels. Pectin-fed pigs did have slightly lower plasma insulin, 
potentially reflecting a lower peak secretion of insulin, though to properly determine the 
effects of pectin on gut peptide and enteroendocrine secretions, a kinetic study where 
frequent blood sampling postprandial would be required (chapter 7). 
The water holding capacity of the pectin diet was larger when compared with the control 
and mango diets (chapter 5) while the gastric contents from pectin-fed pigs were more 
viscous compared with gastric contents from control-fed pigs (Shelat, K. Personal 
communication). Increasing the viscosity of gastric contents has been shown to increase 
gastric retention time (Yu et al., 2014) and increase the viscosity of small intestinal digesta 
(Brownlee, 2011). This has been shown to impede the rate of absorption of nutrients, 
which could explain the low GIP levels.  
Peptide YY inhibits enzymatic and volume secretion from the pancreas and is controlled 
by the presence of fat, fatty acids and protein in the distal ileum and colon (Manning & 
Batterham, 2014). Circulating levels of PYY are low and fall in the fasted state. In 
response to nutrient ingestion, plasma PYY levels increase in proportion to the 
composition of the meal (Manning & Batterham, 2014). Pectin-fed pigs tended to have 
higher levels of plasma PYY two hours postprandially. As previously discussed, high levels 
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of circulating PYY could potentially explain the low levels of pancreatic lipase and trypsin 
activity, but are apparently inconsistent with the high levels of α-amylase activity.  
The mango diet contained small amounts of pectin (0.75%) compared with the pectin diet 
(10%), but did also contain other components of mango cell walls. Although the level of 
pectin in the mango diet might seem relatively low (Cummings et al., 1979), the values for 
the gut peptides and the enzyme activities fell in between the control and 10% pectin diet. 
This suggests that any potential digestive physiological mechanisms might be altered by 
small amounts of pectin present in fruit pulps. 
At two hours postprandially, there was no significant difference in plasma glucose 
concentrations between diets. However, for pectin-fed pigs, there was a slight decrease in 
plasma insulin concentrations when compared with control and mango-fed pigs. This 
resulted in a lower insulin-to-glucose ratio which might suggest a difference in glucose 
tolerance (Stumvoll et al., 2000). Physiologically this is beneficial and could impact the 
digestion of carbohydrates in grower pigs. As pigs have been used as a human model, 
these results can be extrapolated to human health and present a situation whereby 
incorporating a SDF into a meal can influence the rates of carbohydrate digestion, 
absorption and subsequent glucose clearance. It must be noted that as these diets were 
balanced for energy content, the amount of wheat starch in the mango diet was less than 
the pectin diet due to higher levels of glucose in the dried mango powder. 
4.5 Conclusions 
The present study provides a ‘snap shot’ of digestive physiology parameters two hours 
postprandially. Pectin-fed pigs had increased starch digestion which correlated with 
increased α-amylase activity in the soluble phase, probably as a result of exclusion from 
the thickened pectin phase. Pectin-fed pigs had decreased fat digestion, again correlating 
with decreased lipase activity. However, pectin-fed pigs had increased protein digestion 
despite lower trypsin activity, possibly due to size differences of macronutrients. Mango-
fed pigs showed intermediate behaviour which suggests the presence of dose-response 
behaviour. Enteroendocrine hormones GIP and GLP-1 were significantly decreased while 
PYY levels tended to increase in pectin-fed pigs. This suggests that pectin at 10% 
inclusion had a significant effect on exocrine enzyme activity, subsequent rate of 
macronutrient digestion and successive gut peptide secretion.  
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Chapter 5 Passage of gastrointestinal contents in grower pigs 
as affected by dietary components- mango and pectin 
 
5.1 Introduction 
The total nutritive value of a meal is influenced by its components, as well as the 
processing steps that the components have undergone before they are consumed 
(Schwizer et al., 1997; Siddons et al., 1985), physiological processes including mastication 
(Bach Knudsen, 2001), acid hydrolysis in the stomach (Näslund et al., 1998), enzymatic 
hydrolysis in the small intestinal lumen (Souza da Silva et al., 2012), and microbial 
fermentation along the large intestine (Jian et al., 1982). These physiological processes 
are heavily dependent on the duration that nutrients spend in each compartment of the 
gastrointestinal tract (GIT). 
It has been shown previously that dietary fibres (DF) have the ability to alter retention time 
of nutrients in each GIT compartment. Generally, there has been an association between 
reduced rate of gastric emptying and delayed nutrient absorption. This in turn then 
attenuates postprandial glucose and insulin responses (Miao et al., 2014), and prolongs 
feelings of satiety (Pond et al., 1985). Several studies have suggested that soluble dietary 
fibres (SDF) would increase viscosity of the liquid phase of gastric contents, which will lead 
to a significantly longer stomach retention time (Bach Knudsen, 2001; Hartnell & Satter, 
1979a; McIntyre et al., 1993; Rainbird & Low, 1986). In the small intestine, SDF is thought 
to primarily interfere with digestion and absorption of nutrients, yet few studies have 
referred to changes in passage rates.  
Due to practical difficulties of collecting small intestinal digesta from numerous sites 
between the duodenum and ileum, only a limited number of studies have investigated the 
rate of passage along the length of the small intestine. The effects of SDF either isolated 
or directly from a food on small intestinal rate of passage remain unclear. The effects of 
insoluble dietary fibres (IDF) in the large intestine have been more extensively studied 
(Ehle et al., 1982; Hendriks et al., 2012; Owusu-Asiedu et al., 2006) with the conclusion 
that IDF promoted large intestinal passage due to increased bulk and digesta retention of 
water.  
There are human feeding studies where human volunteers were fed radioactive tracers 
and the passage of these tracers was recorded as they progressed along the GIT 
(Brunner et al., 2003; Feldman et al., 1984; Weaver et al., 2014). More recently, magnetic 
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resonance imaging has been used to investigate the passage of GIT contents (Evans et 
al., 1993; Gamarra et al., 2010; Martin et al., 2005). Despite these current techniques, they 
remain costly and are difficult to apply to large-scale trials. Although there are inherent 
differences between humans and pigs, including feeding quantity, length and size of the 
large intestine, and gastric luminal environment, pigs have frequently been used as a 
human model to determine the movement of GIT contents (Guilloteau et al., 2010). 
Feeding of dietary markers to investigate the GIT passage is a useful approach. From 
reviews of a variety of markers, a summary of ideal digesta marker criteria is as follows: 1) 
It must be strictly non-absorbable, 2) physically similar to or intimately associated with the 
material it is to mark, 3) not metabolised within the GIT by its microbial population, and 4) 
its method of estimation in digesta samples must be specific and sensitive, and it must not 
interfere with other analyses. The most commonly used method for measuring digesta flow 
involves administration of markers at a constant rate, either in the diet or by infusion at a 
point proximal to the points at which flow is to be measured, followed by sampling at those 
points once equilibrium (steady-state) conditions have been achieved. Steady-state 
conditions exist when marker pools and flows proximal to the sampling points are 
constant, and are reflected as constant marker concentrations in the samples when the 
animal is fed continuously (Faichney, 1975), or at regular short intervals, or in a repeating 
pattern of concentrations related to feeding and/or marker dosing patterns (Faichney, 
1980). Depending on the form they are in e.g. oxides or chlorides, inert metals, in addition 
to being indigestible to mammals, can be tightly bound to plant material, and therefore, 
expected to flow through the GIT in close association with digesta. Such an association 
could be desirable in reducing variation in faecal marker concentration attributable to 
differential flow of feed residue and marker from various GIT compartments (Kotb & 
Luckey, 1972). 
The aims of the current study were to quantify the passage kinetics of digesta along the 
entire GIT (from the stomach to distal colon) in vivo, and to determine the fractional outflow 
rates from the stomach and small intestine. As IDFs have previously been shown to 
influence passage dynamics, diets containing a mango powder, with pectin trapped in 
plant cell walls and an isolated main soluble fibre of mango (pectin) were used to 
investigate the influence on these parameters.  
5.2 Materials and Methods 
5.2.1 Pigs, diets, experimental design, housing and feeding 
Section 5.2.1 is as 4.2.1 (chapter 4).  
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5.2.2 Dietary markers  
Indigestible dietary markers were added to all three experimental diets to study the 
retention time (RT), transit time (TT) and rate of passage (RoP) of digesta in various GIT 
sites. Chromium chloride (CrCl3) (198 mg/kg DM) and Celite (measured as acid-insoluble 
ash (AIA)) (25 g/kg DM) were added to diets as constant feed markers. At 6, 4 and 2 h 
before anaesthesia (0h), Cerium Chloride (CeCl3) (5.3 mg/kg DM), Ytterbium Chloride 
(YbCl3) (6.6 mg/kg DM) and Lanthanum Chloride (LaCl3) (5 mg/kg DM) were respectively 
dosed in 20% of the feed and fed to the pigs as pulsed solid phase markers. As digesta 
consists of both a fluid and solid phase, Cobalt-EDTA (Co-EDTA) (7.6 mg/kg DM) was 
also added similarly at -2 h to track digesta flow of the liquid phase. 
5.2.3 Sampling 
The pigs appeared healthy and consumed their daily allowances for the entire experiment. 
Each pig received an IM injection of 0.15 mg/kg of butorphanol and 3 mg/kg of Zoletil®. 
They were then delivered isoflurane in oxygen by mask while a 20 G catheter was secured 
in an ear vein. Some pigs were sufficiently anaesthetised without further drug 
administration but most required a small dose of thiopentione sodium IV (2.5 mg/kg, 0 – 
4.8 mg/kg). The trachea was intubated and anaesthesia was maintained with isofluorane 
delivered in oxygen for the duration of surgery. Pulse oximetry and capnography were 
performed throughout the procedure. While mild hypercapnoea was detected in some 
pigs, haemoglobin saturation was maintained (SaO2 > 95%) in all but two pigs which had 
transient episodes of 93 – 94%. The surgery proceeded without complications. All 
separating, sub-sampling and weighing of digesta was performed on trays kept above ice-
slurries to quickly reduce the temperature of digesta samples. 
The abdominal cavity was opened by midline laparotomy and the digestive tract quickly 
ligated to prevent digesta flow between GIT sections. Digesta was collected from nine GIT 
sites- stomach, small intestine (SI1-4), caecum and colon (PC-DC) by gentle squeezing. 
The small intestine was split into SI1 (duodenum: first 2 metres), SI4 (ileum: last metre) 
and the remaining jejunum was split based on length into SI2 and 3 (~4m each). The colon 
was divided into three sections based on equal length- proximal (PC), mid (MC) and distal 
colon (DC) (~0.88 m each). Each section was weighed before and after careful removal of 
the contents, the lengths were recorded and pH measured, immediately before digesta 
samples were frozen at -20°C. 
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5.2.4 Chemical analyses 
Dry matter (DM) was determined by drying to constant weight at 105oC (ISO 6496:1999) 
(International Organisation for Standardisation, 1978). 
Water holding capacity (WHC) of the diets was measured by centrifugation method 
(Stephen & Cummings, 1979). Samples (10 g) was weighed, added to 35 mL distilled 
water and mixed in a water bath at 250 rpm at 37oC for 24 h, followed by centrifugation at 
4000g (Avant®JE centrifuge, JA14 rotor) for 30 min.The supernatant was removed and 
the tubes were kept upside down for three minutes to remove all the liquid. The swollen 
sample weights were measured and water binding capacity described in g of water 
absorbed per g of dried diet weight. 
The AIA method was adapted from Van Keulen and Young (1977). Samples (100mg AIA) 
were weighed into a pre-weighed sintered-glass crucible (Pyrex, porosity 4), dried at 
105oC for 24 h and re-weighed. The samples were then ashed at 500oC for 6 h, heated to 
100oC with 4 M hydrochloric acid for 30 min and thoroughly washed with reverse-osmosis 
(RO) water. The processes of drying, ashing, boiling and washing were repeated until the 
ash appeared white.  
Mineral (markers) content was determined by digesting 300 mg of dried sample in 6 mL 
nitric acid and 2 mL perchloric acid followed by the addition of RO water to 20 mL total 
volume. The digested samples were analysed using an inductively coupled plasma atomic 
emission spectrometer (Optima7300 DV, Perkin Elmer; Wellesley, MA, USA). 
5.2.5 Terminology and calculations 
Terminology used in this study is defined here to avoid confusion from common terms 
used by other authors, for example, (mean) retention time or passage rate are often 
defined or interpreted differently. In this study, retention time (RT) is defined as the 
average time (in hours) the digesta components are retained in a mixing pool 
compartment- i.e. the stomach and caecum which slowly releases their contents; mixing 
pool refers to the mass, weight or volume of contents (Mertens, 2005). Transit time (TT) is 
defined as the time (h) the digesta takes to travel through a particular tubular section of the 
small intestine (SI1-4) and colon (PC-DC) (Faichney, 2005) where migrating myoelectrical 
complexes occur due to segmentation motility from generation of electrical activity from the 
gastro-duodenal junction, which was first discovered by Szurszewski (1969b). RT and TT 
calculations were applied to all the markers (AIA, Cr, Ce, Yb, La and Co). Digesta flow 
from the ileum to caecum and proximal colon is intermittent and can be followed by 
periods of quiescence due to both peristaltic and anti-peristaltic contractions such that the 
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digesta are mixed as well as being moved towards the DC (Szurszewski, 1969). RT and 
TT are calculated from Eq. (1) (Lascano & Quiroz, 1992): 
RT or TT = FD (Ms / MD)    (1) 
 
where FD is feed hours from which the pigs were fed at 0800 the day before to the time of 
anesthesia. Ms is the total concentration of marker determined in each GIT section and MD 
is the total amount of marker added to the diets. The marker concentration in each section 
has been corrected for total % recovered in the entire digestive tract, rather than the 
amount of marker offered to the pigs (Figure 13). Assuming steady state conditions, this 
subsequently allows us to calculate the rate of passage (RoP) using the constant feed 
markers (AIA and Cr), which is a measure of a portion of digesta flow through a known 
length of the GIT section per unit time while being exposed to mixing, digestion and 
absorption processes. RoP was calculated as the inverse of TT (Letourneau-Montminy et 
al., 2011): 
RoP = L x (1 / TT)     (2) 
 
where L is the length (metres) measured for each GIT site (see section 5.2.3. Sampling).  
The fractional outflow rates were calculated for stomach and (combined) small intestinal 
compartments using the solid pulse dose markers (Ce, Yb and La) (Table 29). The post 
marker dose at 0 h refers to the averaged feeding dose (mg) of Ce, Yb and La fed to the 
pigs. The post marker feeding dose (mg) for Ce, Yb and La was set to 6, 4 and 2 h 
respectively, and the pool size at these time intervals refers to the (normalised) quantity of 
Ce, Yb and La recovered in the stomach and small intestinal digesta. Influx into the 
stomach was set to 0 mg, assuming the pulsed dose markers instantaneously ends up in 
the stomach after oral ingestion. The stomach outflow rate for each 2 h time window was 
calculated as the difference of pool size at 0 h and at 2 h, and similarly for 4 h and 6 h, for 
example: 
Stomach outflow rate = pool size at 0 h – pool size at 2 h / time (3) 
 
Where the stomach outflow rate (mg/2 h) equals influx into the small intestine. Small 
intestinal outflow rate into the colon was subsequently calculated as: 
 
Small intestine outflow rate = influx – (pool sizes at 2 h – 0 h) / time (4) 
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This Eq. 4 was also applied to the flow rates at 4 h and 6 h. A graphical representation of 
these flow rates in mg/h is shown in Figure 18. Fractional outflow rates were not calculated 
for the colon compartment as these pulsed dose markers did not reach the end of the 
colon within 2 h after the last marker feeding dose. 
5.2.6 Statistical analyses 
The experimental units for all parameters were the 30 pigs. DM, pH, % recovery, RT, TT 
and RoP were analysed using the MIXED procedure in SAS 9.3 (SAS Institute, Inc., Cary, 
NC, USA) including the Diet as a fixed effect and pig as a random effect. The effects of 
Diet and GIT Site were analysed using the MIXED procedure. The interaction of Diet*GIT 
Site was determined by the first order ante-dependence covariance structure chosen as 
the repeated measures model. This allows for changes in variance along the GIT as well 
as correlation between GIT sites. Group means were analysed using Proc GLM and 
statistical significance of treatment differences was set at P<0.05.  
5.3 Results 
5.3.1 Digesta dry matter amongst diets 
The control diet contained wheat starch as the major source of carbohydrate while in the 
other diets, pectin from an isolated source or from dried mango pulp was included at the 
expense of some of the wheat starch. Digesta DM was influenced by ingestion of soluble 
fibre or mango in the diet, where the DM digesta concentration from these diets were 
consistently lower than in the control diet (mango < pectin < control) (P<0.001). Digesta 
DM significantly decreased during transit from the stomach to small intestine, and 
increased again in the colon (Table 21). The water holding capacity (WHC) of the raw diets 
was determined to be 0.49±0.01, 0.40±0.01 and 1.24±0.05 (g of water/ g of dried diet) for 
the control, mango and pectin diets respectively, suggesting that the pectin diet was able 
to retain significantly more water when compared to the control and mango diets.  
Table 21: Digesta dry matter (%) in gastrointestinal tract (GIT) compartments of pigs adapted to and 
fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% pectin (Pectin) at the expense 
of wheat starch 
GIT Site  n* Diets P-values  
  Control Mango Pectin Diet GIT Diet x GIT 
Stom 10 31.4±1.4 23.8±1.4 24.4±1.4 
<.001 <.001 
<.001 
SI1 10 8.6±1.7 8.1±1.7 12.1±1.7 0.21 
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SI2 10 12.6±0.7 11.9±0.7 10.9±0.7 0.23 
SI3 10 21.1±0.6 17.9±0.6 13.5±0.6 <.001 
SI4 10 21.3±0.9 15.9±1.0 15.7±0.9 0.001 
Cae 10 32.4±3.3 16.6±3.3 23.5±3.3 0.009 
PC 10 26.4±0.7 18.9±0.7 21.4±0.7 <.001 
MC 10 30.3±0.9 20.8±0.9 21.3±0.9 <.001 
DC 10 42.3±1.2 23.5±1.2 24.0±1.2 <.001 
Data are means±SE. *10 pigs per diet per GIT site. 
5.3.2 Digesta pH along the gastrointestinal tract 
Digesta pH was lowest (~5) in the stomach and gradually increased to 7.4 in the terminal 
ileum (SI4) (Figure 12). The sharp increase in duodenal (SI1) pH is explained by secretion 
of bicarbonate (Grendell, 2014). In the caecum, the pH dropped to 6.7 and increased 
again to pH 8 in the DC, similarly as observed by Fallingborg (1999) due to an excess of 
rapid fermentation of carbohydrates supplied from the caecum that causes the buffering 
capacity to be overwhelmed (Van Soest, 1994). 
 
 
Figure 12: Digesta pH along the gastrointestinal tract (GIT) of pigs adapted to and fed a diet without 
any pectin (Control), or 15% Mango (Mango) or 10% pectin (Pectin) at the expense of wheat starch. 
Data are means ± SE. 
5.3.3 Marker recovery in each gastrointestinal tract section 
The distribution of constant markers AIA and Cr along the GIT is shown in Figure 13. 
Pulse dose marker recovery for Ce, Yb, La and Co averaged 72±4%, 71±4%, 69±6% and 
59±5% (Figure 14). The markers fed at earlier intervals to the pigs had a higher recovery 
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across all diets, for example, 40% of Ce (fed 6 h prior to euthanasia) had reached the PC, 
20% of Yb (4 h post-marker dose) was recovered in PC and after 2 h, La and Co had only 
reached SI3. Despite both La and Co being 2 h markers, La was recovered mostly in the 
stomach (60-80%) whereas a higher proportion of Co (liquid phase marker) was recovered 
in SI3.  
 
Figure 13: Distribution of constant feed markers AIA (A), Cr (B), as recovered over gastrointestinal 
tract (GIT) compartments of pigs adapted to and fed a diet without any pectin ((☐)Control), or 15% 
Mango ((o) Mango) or 10% pectin (() Pectin) at the expense of wheat starch. Data are shown as 
means ± SE.  
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Figure 14: Distribution of pulse dose markers Ce (A), Yb (B), La (C), Co (D) recovered over 
gastrointestinal tract (GIT) compartments of pigs adapted to and fed a diet without any pectin ((☐
)Control), or 15% Mango ((o) Mango) or 10% pectin (() Pectin) at the expense of wheat starch. Solid 
phase pulse dose markers were added to the diets at various time intervals before anaesthesia 
(which is considered as 0h): CeCl3: -6h; YbCl3: -4h; LaCl3: -2h and liquid phase marker: Co-EDTA: -
2h. Any significant interactions between diet and GIT site (P<0.05) are marked by an asterisk (*). Data 
are means ± SE. 
5.3.4 Retention and transit time of constant feed markers AIA and Cr 
The RT and TT relative to each GIT section show a similar trend for both markers, where 
TT was longest in the colon, followed by small intestine and stomach (Figure 15). RT of 
AIA and Cr averaged 3 h in the stomach, and 2.3 h in the caecum, while TT averaged 0.5 
h in SI2, 1.6 h in SI3, 0.8 h in SI4, 7 h in PC, 4.8 h in MC and 3.7 h in DC. Interestingly, 
even though SI2 and SI3 were split into equal lengths, TT in SI3 is significantly longer 
(P=0.05). A longer TT was also observed in the PC compared to MC and DC (P=0.03). 
The total RT and TT for the pectin diet was 21 h, mango diet was 24 h and control diet was 
25 h, suggesting that a higher pectin content in the digesta, reduced TT, consistently with 
-6h -4h 
-2h -2h 
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a faster RoP along the GIT (Figure 16). The passage of digesta was faster along the small 
intestine relative to the colon. 
 
 
Figure 15: Time (hours) that AIA (A) and Cr (B) markers spent in each gastrointestinal tract (GIT) 
compartment of pigs adapted to and fed a diet without any pectin ((☐)Control), or 15% Mango ((o) 
Mango) or 10% pectin (() Pectin) at the expense of wheat starch. Time spent in the stomach (STO) 
and caecum (CAE) is represented as retention time (RT), while time spent in SI1-4, PC-DC is 
represented as transit time (TT). Any interactions between diet and GIT site (P<0.05) are marked by 
an asterisk (*). Data are means ± SE. 
 
 
Figure 16: Rate of passage (RoP) at which AIA (A) and Cr (B) passed through each gastrointestinal 
tract (GIT) compartment of pigs adapted to and fed a diet without any pectin ((☐)Control), or 15% 
Mango ((o) Mango) or 10% pectin (() Pectin) at the expense of wheat starch. Stomach and caecum 
are mixing pools and therefore, excluded in this calculation and figure. Any interactions between diet 
and GIT site (P<0.05) are marked by an asterisk (*). Data are means ± SE. 
There were no AIA measurements for SI1 due to insufficient digesta collected for AIA 
anlysis. This was a common problem in all 30 pigs, where SI1 always contained the least 
 90 
digesta, which ranged between 3-43 g compared to other sites which ranged between 
800-1600 g. TT of SI1 using Cr was obtained from only three pigs and was very short 
(<<0.5 h) but does not reflect a statistical representation, therefore this value was not used 
to calculate the RoP for SI1 in Figure 16. 
5.3.5 Retention and transit time of pulse dose markers Ce, Yb, La and Co 
The passage of pulse dose solid and liquid phase markers at different time intervals along 
the GIT is shown in Figure 17 (and Figure 31). Ce was administered at an earlier time 
interval (2 h before the other markers) and had travelled furthest along the tract to the DC, 
mostly being retained in the caecum and PC. Yb, fed 4 h pre-euthanasia, has also 
travelled to the MC with a longer transit time in SI3 whereas La and Co, which were fed 2 
h pre-euthanasia, only reached the ileum (SI4) and mostly remained in the stomach. The 
TT in the duodenum (SI1) was <0.06 h for all markers, although this TT was only 
determined from nine pigs who had sufficient digesta in SI1. 
An effect of diet was observed for the pulsatile markers (Figure 17), where RT and TT 
were highest in the mango digesta for Ce and Yb, particularly at the caecum and PC. 
Between the 2 h markers, La (solid phase) had a sigificantly longer TT in the jejunum (SI2-
3) in the mango digesta (P=0.02) while Co, in the control diet had the shortest RT (0.3 h) 
in the stomach and longest TT in SI3, suggesting that Co travelled more rapidly in the 
liquid phase of digesta through the tract in the absence of the pectin. Increased 
concentration of pectin or mango in the diet led to an increased RT in the stomach and TT 
in the small intestine (P=0.002). 
 
 
Figure 17: Retention time/ transit time (RT/TT) of pulse dose markers Ce (- - -), Yb ( ), La (. . .), Co 
(̶̶̶̶̶̶̶̶̶ ̶̶̶̶̶̶ ̶̶̶) passage along each gastrointestinal tract (GIT) compartment of pigs adapted to and fed a diet 
without any pectin ((☐) Control), or 15% Mango ((o) Mango) or 10% pectin (() Pectin) at the expense 
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of wheat starch. Time spent in the stomach (STO) and caecum (CAE) is represented as RT, while time 
spent in SI1-4, PC-DC is represented as TT. 
5.3.6 Fractional outflow rates of stomach and small intestinal contents 
Fractional outflow rates of digesta leaving the stomach, and influx and outflow rates into 
the small intestine are shown graphically in Figure 18. Table 29 in the appendix shows the 
numerical fractional outflow rates. At 6 h pre-euthanasia, the stomach fractional outflow 
rate of pectin-fed pigs is more rapid than the stomach fractional outflow from control-fed 
pigs but is similar at 2 h pre-euthanasia.  
 
Figure 18: Fractional outflow rate of stomach (A) and small intestinal digesta (B) at 6, 4, 2h prior to 
euthanasia from pigs adapted to and fed a diet without any pectin ((☐) Control), or 15% Mango ((o) 
Mango) or 10% pectin (() Pectin) at the expense of wheat starch. Data are means ± SE. Fractional 
outflow rate (mg/h) was calculated as outflow divided by pool size, per h. 
5.4 Discussion 
5.4.1 Methodological considerations 
Gastrointestinal contents have been widely reported to consist of a fluid phase and a 
heterogeneous (particulate) solid phase with differential flow rates (Johansen et al., 1996; 
Lentle & Janssen, 2011). In the current study, the fluid phase was a result of ingested 
water (ad libitum), and gastrointestinal secretions, while the heterogeneous solid phase 
was primarily made up of varying particles sizes of feed ingredients and boluses formed on 
hydration within the digestive tract. Therefore, solid and liquid phase markers that 
associate and distribute exclusively throughout each phase were incorporated into the 
diets to measure digesta flow rate as two phases independently. 
CrCl3 and Celite (measured as AIA) were constant feed (solid) markers fed daily to the 
pigs, while CeCl3, YbCl3, LaCl3 and Co-EDTA were pulsatile markers dosed with a diet 
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portion at 6, 4 and 2h prior to euthanasia respectively. This feeding regime was designed 
to mimic a steady state infusion, which allowed recovery of Cr and AIA to calculate the 
digesta RT, TT and RoP. CeCl3, YbCl3, and LaCl3 have a strong affinity for small 
particulates and when fed at known time intervals, can be used to provide insight into the 
passage of undigested solid digesta (Cuddleford et al., 1995; Miyaji et al., 2008; Pagan et 
al., 1998; Pearson et al., 2001; Pond et al., 1985; Rosenfeld et al., 2006; Uden et al., 
1980). Solid phase markers adsorb onto particles, which may be hydrolysed by digestive 
enzymes but attach onto adjacent undigested particles when these particles are 
completely hydrolysed (Hartnell & Satter, 1979a).  
Unlike other reported studies, GIT contents were not recovered using cannulae, rather, the 
contents were collected at one time-point post-euthanasia. Additionally, length of each GIT 
site was determined, allowing for the RoP to be expressed in terms of meters per hour as 
opposed to the quantity of marker passing a specific site with unknown length or volume 
approximates, for example, in Wilfart et al. (2007). 
During formulation of the experimental diets, CrCl3 was one of the last feed components to 
be added to the feed mixing vessel. Cr was added in a lesser quantity than AIA, and equal 
dispersion of this marker may not have been entirely achieved despite rigorous mixing. 
Analysis of Cr in feed samples contained concentrations varying from 191-222 mg/kg DM. 
To improve the homogeneity of Cr or any marker to be added in very low quantities, we 
suggest mordanting to a dietary component prior to mixing. AIA was added in considerably 
larger quantities (~24-26 g/kg DM); hence achieving homogeneity was not a concern. 
Despite the challenge of obtaining Cr homogeneity in the feed, the amounts of Cr and AIA 
recovered in each GIT site were not significantly different (Figure 13). Consequently, RT 
and TT profiles between the two markers were very similar (Figure 15), leading to similar 
digesta passage rates regardless of homogeneity concerns. 
5.4.2 Lower dry matter content in the digesta reduced retention time and transit 
time  
The digesta DM had a significant impact on the total tract TT from the stomach to the distal 
colon as observed in Table 21 and Figure 15. Generally, a higher digesta DM contributed 
to a longer TT. The averaged total digesta RT and TT in the pectin diet was 21 h, 24 h for 
the mango diet and 25 h for the control diet. The pectin diet had the highest WHC and the 
pectin-fed pigs had the lowest TT and therefore had a faster RoP along the GIT. An 
accelerated rate of flow of digesta through the colon by the addition of soluble and 
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insoluble dietary fibre e.g. supplementary bran, lactulose and pectin to the diet has been 
reported for pigs (Kass et al., 1980; Low, 1989; Wilfart, Montagne, et al., 2007b). 
In the duodenum (SI1), the digesta from mango and pectin-fed pigs were expected to have 
a lower DM content due to their swelling/solubility properties, as observed from the 
increased WHC of the pectin diet. From SI1 to SI2, the pectin digesta DM decreased whilst 
the other two diets rose in DM content, suggesting that less water was taken up from the 
pectin diet digesta for absorption from this segment compared with the other two. In SI3, 
irrespective of diet, water was removed from the digesta with residual DM% again 
reflecting the higher WHC of pectin component in the diet and digesta. Similarly, in the 
ileum (SI4), there was a clear expression of the WHC of pectin, where pectin digesta held 
significantly more water than the control (P=0.001). In the caecum, water was removed 
from the control digesta presumably due to lack of structuring and from pectin digesta as a 
result of rapid fermentation, leaving a residual digesta with similar properties as control. 
The mango digesta maintained a low DM% potentially due to less extensive fermentation 
of the cell wall material in the mango component compared with the soluble pectin diet.  
Throughout PC to DC, the digesta continued to lose water due to the colon’s high capacity 
for water absorption (Sandle, 1998) and depletion of available substrates for fermentation. 
The increase in digesta DM from the PC to DC suggests a cease in colonic-microbial 
activity, leading to an accumulation in non-fermentable components in the DC. Wiggins 
(1983), and Cummings and Macfarlane (1991) have previously reported fermentation 
activity being greatest in the left (proximal) colon and then the digesta was ejected though 
the transverse (mid) colon to the right (distal) colon for storage and eventual excretion in 
humans. Digesta from control-fed pigs reached 42% DM, also potentially due to lower 
numbers of water-holding bacteria (Friedman & Henry, 1938). The digesta DM from 
mango-fed pigs started to increase and become similar to that of pectin-fed pigs as the 
mango component fermented. The digesta from pectin and mango-fed pigs had lower 
DM% than control-fed pigs potentially due to greater levels of water-holding bacteria. As 
pectin is readily fermentable in the colon (Jørgensen et al., 1996; Sunvold et al., 1995), the 
colonic bacteria utilising pectin as a substrate proliferated rapidly too. Those bacteria 
having a high water content (Bratbak & Dundas, 1984; Friedman & Henry, 1938) 
contributed to the higher water content of the digesta from the pectin-fed pigs. 
Satchithanandam et al. (1990) also suggested that fibre induced increments in 
gastrointestinal mucin production may be responsible for increased TT in a rat feeding 
study.  
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These results however, are in disagreement with other previous findings in pig 
experiments (Owusu-Asiedu et al., 2006; Potkins et al., 1991). Potkins et al. (1991) 
concluded that guar gum and pectin (10 and 50 g/kg) did not significantly affect total tract 
TT and Owusu-Asiedu et al. (2006) found that guar gum and cellulose decreased digesta 
passage rate to the ileum by 0.42 %/h and 0.3 %/h respectively. A number of factors in 
addition to diet have been described to influence RT, including animal weight (Le Goff et 
al., 2002), age (Almirall & Esteve-Garcia, 1994) and feeding frequency (Goetsch & 
Galyean, 1983).  
5.4.3 AIA and Cr as passage markers for retention time, transit time and rate of 
passage 
Digesta transit through the stomach and small intestine averaged 3 h and 3.2 h 
respectively, whereas a relatively longer TT was recorded for the caecum and colon (19 
h). Similar RT and/or TT have been reported for pigs, varying between 2-16 h in the 
stomach and small intestine (Guerin et al., 2001; Hendriks et al., 2012) and 20-40 h 
through the colon (Low, 1993). This is the first known study to report digesta TT and RoP 
along numerous GIT sections and provide insights into the dynamic passage of digesta, 
particularly in the presence of a SDF both in its isolated and food form. The small intestinal 
compartment showed variable TT from 0.05 h in the duodenum (SI1), 0.5-1.6 h in the 
jejunum (SI2-3) and 0.8 h in the ileum (SI4). Through mathematical modeling, Letourneau-
Montminy et al. (2011) estimated TT in the proximal segment of the small intestine to be 
0.2 h, which is comparatively similar to results from this study. However, their calculations 
of 3 h TT in the distal segment may have been grossly overestimated. 
After leaving the stomach mixing pool, the digesta travelled rapidly through the first half of 
the jejunum (SI2) at 10 m/h, then slowed down to 3 m/h in the remaining half (SI3) and 1 
m/h in the ileum (SI4) (Figure 16). A decrease in passage rate was observed between GIT 
sites, which agrees with a lower frequency of segmental contractions in the distal ileum in 
comparsion to the duodenum (Laplace et al., 2001; Van Weyenberg et al., 2006). Van 
Weyenberg et al. (2006) also reported a quicker transit rate of 30 cm/min or 18 m/h for 
most of the digesta in the small intestine (in horses), which may not be entirely true for all 
the sections of the small intestine in other domestic animals. Horses are hindgut 
fermenters with a big large intestine while pigs get most of their energy from the small 
intestine and so small intestinal digestion characteristics would most likely be different to 
the pig, especially given that they consume more forage and fibre. As TT and RoP are 
inferred from the quantity of markers recovered in the pig digesta post-euthanasia, a time 
 95 
delay resulting from myoelectric migrating complexes and colonic (aboral, propagated and 
isolated) contractions were not seen in this study. This leads to a probable conclusion that 
the RoP of digesta may actually be more rapid in the respective small intestinal sections. 
Interestingly, across all diets, the TT in the PC (7.2 h) was significantly higher from that of 
the MC (4.7 h) and DC (3.6 h) (P=0.03) despite being divided equally into three portions 
based on length (0.88 m each). It has been suggested that peristaltic actions stimulating 
propulsive colonic motility may be responsible for this differential passage of digesta 
(Crema et al., 1970; Edwards, 1990; Laplace, 1981). The total colon TT, including the 
caecum averaged 18 h for the solid digesta phase and was much shorter than the 35 h 
reported by Wilfart et al. (2007).  
5.4.4 Stomach retention time is reduced with the presence of pectin and mango 
in the digesta  
Of the GIT sections, retention of Co in the stomach from the control diet (Figure 17) was 
shorter (0.3 h) than the retention of La (0.8 h), suggesting that the liquid digesta moved 
faster than the solid phase, except when pectin was present, which is consistent with 
pectin being able to hydrodynamically retain water (Liu et al., 2004; Vandamme et al., 
2002). Latymer and Low (1985) also reported that there was a lack of liquid and solid 
phase separation in the digesta from pigs fed pectin and guar gum, and this was attributed 
to the high viscosity and colloidal nature of the solutions. Hypertonic solutions have also 
demonstrated a slower gastric emptying rate (Paraskevopoulos et al., 1988). 
The stomach RT averaged 3h and reported literature values for RT in the stomach of pigs 
vary greatly, ranging between 1-7 h (Guerin et al., 2001; Hendriks et al., 2012) and are 
strongly influenced by dietary components. Previous studies have reported that stomach 
RT decreased when diets were supplemented with guar gum and pectin (Potkins et al., 
1991) or was not influenced at all (Latymer & Low, 1985). While including albus lupins (rich 
in NSP) in the diet of pigs increased RT in the stomach (Dunshea et al., 2001). Potkins et 
al. (1991) determined the rate of gastric emptying via the decrease in total DM content in 
the stomach at various time intervals (0.5, 1, 2, 4, 7.5 h) post-feeding to the total DM of the 
given meal. They recovered less DM in the stomach of pigs fed guar gum and pectin 1-4 h 
postprandially, but did not determine the amount of liquid in the stomach at these time 
points. Inferring the gastric emptying rate based solely on stomach DM contents neglects 
the fact that stomach contents comprise both a solid and liquid phase. The results from 
this present study showed that pigs fed pectin retained significantly more liquid in the 
stomach (Figure 17) including at 6 h postprandially (Figure 18). The liquid phase of the 
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stomach contents from the pigs fed the control diet had progressed significantly more to 
the small intestine. Pectin has a higher affinity for water in the diets used in this study, 
based on the WHC, and has been described to form a gel in the stomach (Drochner et al., 
2004), restricting the liquid phase from passing through the pyloric valve. However, pectin 
did not affect stomach RT for the solid digesta phase in any of the other three pulse dosed 
markers. 
5.5 Conclusions 
The selection of solid and liquid markers to measure the independent flow in defined (solid 
and liquid) phases improved the reliability of digesta flow estimates in diets containing 
wheat starch, mango and pectin. The mango ingredient containing cell wall material 
(including pectin) and purified pectin delayed gastric fractional outflow to the duodenum, 
showing that both soluble and cell wall pectin are able to hydrodynamically retain water, as 
reflected in a lower dry matter content and increased water holding capacity of the pectin 
diet. However, after leaving the stomach compartment, the rate of digesta transit through 
the small intestine and colon, from pigs fed these two diets, was significantly quicker 
presumably as a result of increased digesta viscosity. This study shows differences in 
passage rates within segments of the small intestinal tract (SI2: 11.3 m/h, SI3: 4.6 m/h, 
SI4: 1.9 m/h) and within the colon (PC: 0.1 m/h, MC: 0.2 m/h, DC: 0.3 m/h). Faster 
passage and therefore potentially less enzymatic hydrolysis in the small intestine can have 
dramatic effects on the amount of macronutrients, specifically protein and carbohydrate 
entering the large intestine (Zhang et al., in press). The constant feed marker Celite 
(measured as AIA) was confirmed to be reliable in providing insights into the dynamic 
passage of digesta along the digestive tract, and the use of pulsed dose markers allowed 
the determination of the fractional outflow rate of digesta, specifically from the stomach 
and small intestine. Recommendations for future work continuing from this study include 
improving the homogeneity of Chromium or any markers to be added in very low quantities 
by mordanting to a dietary component prior to mixing with the other ingredients. 
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Chapter 6 The effects of cereal soluble dietary fibres 
arabinoxylan and β-glucan on pancreatic α-amylase 
activity and related peptide hormones in pigs 
 
6.1 Introduction 
Soluble dietary fibres (SDFs) have been reported to have numerous health benefits 
for humans, notably reduced postprandial blood glucose concentrations, improved 
glycaemic response following a meal (Lu et al., 2004b) and improved insulin 
sensitivity (Breneman & Tucker, 2013). The same effects have not been observed 
for insoluble dietary fibre (IDF)(Breneman & Tucker, 2013). However, human diets 
do not typically consist of only one type of dietary fibre and there is a general push in 
developed economies to consume foods which consist of whole grains including rye, 
barley, oats and wheat which include both SDF and IDF fractions. As our 
understanding and classification of dietary fibre (DF) develops (Phillips & Cui, 2011), 
more recent studies have focused on physiological mechanisms relating to specific 
health benefits associated with the consumption of SDFs.  
6.1.1 Effect of soluble dietary fibres in the gastrointestinal tract 
Soluble dietary fibres are expected to form viscous solutions, aggregates or gels 
when they come in contact with an aqueous liquid phase (Shelat et al., 2010). In 
forming these structured systems, SDFs have been observed to increase gastric 
retention time thought to be primarily due to increased viscosity of gastric contents 
(de Leeuw et al., 2008; Delzenne & Cani, 2005). Altering gastric retention time has 
shown to affect the rate of digestion and absorption of macronutrients (Yu et al., 
2014). Additionally, SDFs have been observed to change the pH of intraluminal 
contents due to fermentation end products, and decrease the accessibility of 
absorbable nutrients to the small intestinal mucosal surface (Ikegami et al., 1990). 
However, little is known about how SDFs influence pancreatic α-amylase activity in 
vivo. Previous studies have shown that SDF can increase (Dunaif & Schneeman, 
1981; Ikegami et al., 1990; Mosenthin et al., 1994) or reduce (Schneeman, 1978) 
pancreatic α-amylase activity. Based on these previous studies, it is evident that the 
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information is conflicting and that more research is required to determine the effect of 
the type and the concentration of SDF on pancreatic α-amylase activity, subsequent 
carbohydrate digestion and therefore postprandial insulin responses. 
Previous studies have hypothesized that changes in α-amylase activity in the small 
intestine were a direct result of replacing starch with DF (Mosenthin & Sauer, 1993; 
Mosenthin et al., 1994). However, the sensitivity of the pancreas to short-term 
changes in dietary carbohydrate concentrations is not thought to be the only 
determining factor in α-amylase secretion (Pandol, 2011). Pancreatic secretions are 
thought to be strongly influenced by nutrients sensed in sections of the small 
intestine combined with postprandial enteroendocrine hormone feedback which has 
been shown to be a primary factor influencing pancreatic secretions (Manning & 
Batterham, 2014). 
In vitro experiments have shown the ability of certain SDFs to reduce protease and 
lipase activity (Schneeman, 1978) yet increase α-amylase activity (Dunaif & 
Schneeman, 1981). Reductions in enzyme activity have been associated with certain 
inhibitory compounds from plant fibres (Calvert et al., 1985; Dunaif & Schneeman, 
1981). Despite in vitro and animal experiments, there is still no clear conclusion as to 
how SDFs influence α-amylase activity in small intestinal digesta. Perhaps this is 
because effects are more indirect through changes in hormonal feedback 
mechanisms. 
6.1.2 Effect of soluble dietary fibres on gut peptides 
Cholecystokinin (CCK) is a peptide hormone and a neurotransmitter secreted by 
cells in the upper part of the small intestine (Slavin, 2005). CCK controls nutrient 
delivery to the small intestine by inhibiting food intake and gastric emptying. 
Intestinal I-cells release CCK in response to dietary lipid and protein through 
mechanisms involving the G-protein coupled receptors GPR40 and calcium sensing 
receptors (Dockray, 2012). SDFs such as apple pectin, oat β-glucan and 
fructooligosaccharides (FOS) have not been found to significantly affect the 
secretion of CCK in rats (Adam et al., 2014). However in humans, β-glucan added to 
pasta and fibres associated with oatmeal and oat bran produced greater postprandial 
CCK levels (Bourdon et al., 2001; Bourdon et al., 1999). Furthermore, vagal afferent 
neurons are a primary target of CCK and are now recognised as an important site of 
integration of peripheral signals regulating ingestion. Incretins, glucose-dependent 
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insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) are both 
secreted within minutes of nutrient ingestion by K and L cells from the small intestine 
respectively and facilitate the rapid absorption of ingested nutrients. Both peptides 
share common actions on islet β-cells acting through structurally distinct yet related 
receptors (Baggio & Drucker, 2007). Incretin-receptor activation leads to glucose-
dependent insulin secretions and β-cell proliferation. GLP-1 exerts glucoregulatory 
actions via a slowing of gastric emptying. GLP-1 promotes satiety and sustained 
GLP-1 receptor activation. The SDFs apple pectin, oat β-glucan and FOS have been 
found to increase GLP-1 and peptide YY (PYY) circulating levels in rats (Adam et al., 
2014). However, pigs fed β-glucan had a lower apparent production of GIP and GLP-
1 (Hooda et al., 2010) which has also been determined in humans (Juvonen et al., 
2009; Morgan et al., 1990). PYY exerts anorexigenic effects (Nguyen et al., 2011) 
and has been found to regulate intestinal motility (Playford et al., 1990) and strongly 
inhibit both secretin and CCK stimulated pancreatic secretions (Tatemoto, 1982). 
However humans fed meals enriched with oat β-glucan did not have lower 
postprandial responses of PYY (Weickert et al., 2006). 
C-peptide is a marker for pancreatic insulin secretion that has a longer half-life than 
insulin itself and, therefore, reflects more accurately an individual’s mean level of 
circulating insulin (Bonser et al., 1984; Hovorka & Jones, 1994; Kaaks et al., 2000). 
Leptin is an adipose tissue derived hormone which plays a central role in regulating 
human energy homeostasis and is hypothesized to be an adiposity signal for the 
long term regulation of body weight (Chai et al., 2014; Margetic et al., 2002). Leptin 
levels increase with obesity and fall during starvation (Ahima et al., 1996). Ghrelin is 
a growth hormone and is synthesized predominantly in the stomach and promotes 
increased food intake, weight gain and adiposity (Kojima et al., 1999; Wren et al., 
2001). These satiety hormones have been previously observed to be influenced by 
the consumption of SDF (Kristensen & Jensen, 2011) and to summarise, the 
ingestion of SDF appears to attenuate and/or reduce the secretory postprandial 
response (Karhunen et al., 2008). 
6.1.3 Analysis of digestive enzyme activity from small intestinal digesta 
Quantifying α-amylase from small intestinal digesta has been reported from pigs 
(Hedemann & Jensen, 2004), rats (Ikegami et al., 1990) and humans (Layer et al., 
1986). Comparing α-amylase activity between any three experiments has many 
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caveats including differences in feed intake, feeding regime, diet composition, body 
weight, species of animal, methods used to collect and store small intestinal contents 
containing pancreatic enzymes, and finally the method used to analyse these 
enzymes (Mosenthin et al., 1994). There are several methods used to collect 
pancreatic digestive enzymes including fistulation of the pancreatic duct (Corring et 
al., 1972), cannulation of an isolated segment of duodenum (Hee et al., 1985) also 
known as the pouch method, or pancreatic cannulation, which involves surgically 
inserting a catheter into the pancreatic duct, the catheter is then exteriorized through 
an abdominal cannula and connected to a re-entrant perforated duodenal T-cannula 
(Pierzynowski et al., 1988), after which aliquots of small intestinal contents are 
aspirated at regular intervals (Jensen et al., 1997). These are frozen at -20oC 
pending analysis. This provides digesta and pancreatic digestive enzymes from 
limited sections within the small intestine. An alternative method involves sacrificing 
the animal followed by complete removal of the GIT (Jensen et al., 1998). The 
catheter methods have their advantages as small intestinal contents can be 
recovered continuously over an extended period of time. Furthermore, diets can be 
altered and effects observed in the same animal over a period of time, so long as the 
catheter remains patent (Jensen et al., 1997). However, the catheter method 
requires invasive surgery and this has been found to interfere with the volume of 
pancreatic juice secreted (Jensen et al., 1997). Sacrificing an animal and recovering 
the intestinal contents has the advantage that intestinal contents from the entire 
length of the small intestine can be collected providing a ‘snap shot’ of digestive 
enzyme activity along the length of the small intestine. One disadvantage of this 
technique is that surgical treatments and intestinal tract content recovery can take up 
to one hour, enough time in principal for the microbial population in the GIT to 
degrade digestive enzymes and potentially reduce α-amylase activity (Wenk, 2001). 
In addition, the small intestinal samples can only be collected once, so no 
comparisons between diets or times, can be compared using the same animals. 
Moreover, it is important to consider diurnal rhythms of enzyme and hormone 
secretions when designing a slaughter trial (Bedford & Schulze, 1998). The pigs in 
this study were anaesthetized which kept the pigs biologically alive until the moment 
the GIT was eviscerated which was then followed by rapid digesta collection 
(approximately 15-20 mins). 
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The current study incorporates individual SDF from wheat, arabinoxylan (AX) and 
oat β-glucan (BG), a combination of the two (AXBG) and a more typical ‘human style’ 
diet consisting of whole wheat flour (WWF), all compared with a wheat starch control 
diet (Control). The aim of the current study was to determine if combining SDFs 
would alter carbohydrate digestion and postprandial plasma endocrine and 
enteroendocrine responses due to changes in small intestinal α-amylase activity. 
6.2 Materials and Methods 
6.2.1 Experimental design, animals and housing 
Thirty Large White male pigs were obtained from The University of Queensland 
Piggery, Gatton. Pigs were fed one of five diets varying in SDF source and quantity. 
Effects of diet on pancreatic α-amylase activity, and endocrine and gut peptide 
hormones were used to identify the effects of SDF on carbohydrate digestion. The 
average weight of the pigs at sampling was 63.0 ± 3.0 kg. The pigs were housed 
individually on raised floors in 1.8 m2 pens. Individual housing was realized by 
placing stainless steel pig pens side-by-side with a feeding trough at one end of each 
pen. Pigs could see and hear each other but were restricted by the pens to touch. 
Lights were on from 0600 to 1800 h. The shed was mechanically ventilated. The 
experiment was approved by The University of Queensland Animal Ethics 
Committee (AEC Approval No: CNAFS/179/11/CSRIO). 
6.2.2 Diets and feeding 
The control diet (no SDFs) contained wheat starch as the primary source of 
carbohydrate. In the other diets, a soluble arabinoxylan (AX) extract from wheat as 
described by (Zhang et al., submitted 2014) and soluble β-glucan (BG) (Garuda 
International, Ca. USA) from oats were included at 10% w/w at the expense of wheat 
starch. AX and BG were combined at 5% each at the expense of wheat starch to 
form the combination diet (AXBG). The fifth diet contained whole wheat flour (WWF) 
as the sole source of carbohydrates. The composition of the diets can be found in 
Table 22. Post-weaning, the pigs were fed a commercial diet and were adapted over 
seven days to the experimental diets prior to the start of the experiment. Before 
slaughter, they were fed the experimental diet for a minimum of 14 days. The basal 
diets were based on wheat starch, Na-caseinate, whey protein concentrate (80%), 
102 
 
whole egg powder, sucrose, palm oil, and sunflower oil with added vitamins and 
minerals as shown in Table 22. Pigs were fed individually according to their weight at 
2.7 times the metabolisable energy requirements for maintenance. Pigs were 
weighed once a week and their dietary intact was increased step-wise, week-by-
week according to weight. The diets were fed as a mash twice daily at 0800 and 
1600, and allowed ad libitum access to water. Pigs consumed all of their meals 
within 20 minutes. Wheat AX, oat BG and whole wheat flour contained different 
amounts of carbohydrate which translated into higher and lower concentrations of 
wheat starch being replaced respectively.  
Table 22: Composition of experimental diets (g.kg
-1
) based on wheat starch and fed to the pigs 
for a minimum of 14 days 
Diet Ingredients  Wheat Wheat Wheat Wheat Whole 
 g/kg DM starch starch starch starch wheat 
  control +sol AX +sol BG +AX+BG flour 
Whole wheat flour 0 0 0 0 589.1 
Soluble beta glucans 0 0 117.3 58.7 0 
Soluble arabinoxylans* 0 255.2 0 127.6 0 
Wheat starch 429.1 193.9 306.8 250.8 0 
Na-caseinate 50 50 50 50 50 
Whey protein concentrate 80% 100 80 105 92 0 
Whole egg powder 150 150 150 150 150 
Sucrose 50 50 50 50 50 
Arbocel RC fine 60 60 60 60 0 
Palm oil 60 60 60 60 60 
Sunflower oil 40 40 40 40 40 
Vitamin trace element mix 2 2 2 2 2 
Celite 20 20 20 20 20 
CrCl3 0.9 0.9 0.9 0.9 0.9 
*Limestone 15, Dicalcium phosphate 13, NaHCO3 6, Salt (NaCl) 3, MgO 1(g/kg) 
*arabinoxylan fraction from wheat extraction containing primarily AX (39%) and 
starch. 
According to the calculated nutrient composition, the protein, fat and energy contents 
were essentially identical for all experimental diets (Table 23). 
Table 23: Calculated nutrient composition (g.kg
-1
) of the experimental diets 
Nutrient Composition Wheat Wheat Wheat Wheat Whole 
g/kg DM starch starch starch Starch wheat 
  control +sol AX +sol BG +AX+BG Flour 
DM 902.5 916.6 912.2 914.4 886.2 
Crude ash 45.6 50.8 48.7 49.7 50.1 
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Crude protein 197.0 200.9 200.3 200.2 201.3 
Dig crude protein 178.2 181.0 181.2 180.7 175.1 
Crude fat 170.6 169.4 170.9 170.1 170.2 
Starch 373.7 284.0 270.0 277.4 352.3 
Sol NSP 0.0 96.0 106.4 101.2 5.6 
Insoluble NSP 53.3 55.1 53.3 54.2 53.3 
AX total 0.0 91.6 2.3 47.0 23.6 
BG total 0.0 4.3 91.2 47.8 5.1 
AX soluble 0.0 91.6 2.3 47.0 3.9 
AX insoluble 0.0 0.0 0.0 0.0 19.6 
BG soluble 0.0 4.3 91.2 47.8 1.7 
BG insoluble 0.0 0.0 0.0 0.0 3.5 
 
6.2.3 Measurements 
The pigs appeared healthy and consumed their daily allowances for the entire 
experiment. Each pig received an IM injection of 0.15 mg/kg of butorphanol and 3 
mg/kg of Zoletil®. They were then delivered isoflurane in oxygen by mask while a 20 
G catheter was secured in an ear vein. Some pigs were sufficiently anaesthetised 
without further drug administration but most required a small dose of thiopentione 
sodium IV (2.5 mg/kg, 0 – 4.8 mg/kg). The trachea was intubated and anaesthesia 
was maintained with isofluorane delivered in oxygen for the duration of surgery. 
Pulse oximetry and capnography were performed throughout the procedure. The 
surgery proceeded without complications. Following midline laparotomy, the 
digestive tract was ligated at regular intervals to prevent digesta from flowing 
between gastrointestinal sections. The gastrointestinal tract (GIT) was subsequently 
removed, weighed and its length measured. The GIT was separated into stomach, 
small intestine and large intestine and then further divided. The small intestine (SI) 
was divided into six non-equal portions. The first metre after the stomach was 
termed SI1 while the last meter from the ileo-caecal junction was termed SI6. The 
remaining tract was divided into four equal parts and termed SI2, SI3, SI4 and SI5. 
The contents of each section were carefully removed, weighed, pH measured and 
samples frozen at -20oC. All separating, sub-sampling and weighing of digesta was 
performed on trays kept above ice-slurries to quickly reduce the temperature of 
digesta samples.  
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6.2.4 Enzyme activity analysis 
Pancreatic α-amylase activity from small intestinal samples was determined using an 
α-amylase activity assay kit (Biovision K711-100, California, USA). The kit measured 
the ability of α-amylase to cleave ethylidene-para-nitrophenol maltoheptaoside 
(ethylidene-pNP-G7). The release of the para-nitrophenol chromophore was then 
measured at 405 nm. Intestinal contents from SI1-SI4 were diluted using the assay 
buffer provided. Samples from sections SI5 and SI6 were not assayed. The assay 
reaction was measured using a BMG LABTECH FLUOstar OPTIMA Ortenberg, 
Germany at 25oC according to the procedure guidelines. One unit (U) of α-amylase 
was the amount of α- amylase that cleaved ethylidene-pNP-G7 to generate 1.0 µmol 
of nitrophenol per minute at pH 7.20 at 25oC and was expressed as U/mL, or U/ g 
DM to correct for changes in amylase activity related to the disappearance of water 
along the digestive tract. Each assay was performed in duplicate. 
6.2.5 Water holding capacity and viscosity power law model 
To measure water holding capacity of the diets, centrifugation method was used 
(Cherbut et al., 1997; Roberston & Eastwood, 1981; Stephen & Cummings, 1979). 
Approximately 10 g of diet was weighed into a 50 mL centrifuge tube and 35 mL of 
distilled water was added. The diets were mixed thoroughly in a water bath (Ratek) 
at 37ºC at 250 RPM for 24 hours followed by centrifugation (Beckman Coulter Avanti 
JE) at 4000g for 30 minutes. The supernatant was removed and tubes were kept 
upside down for three minutes to remove all liquid. The swollen diets weight was 
measured and water binding capacity is described in g of water absorbed per g of 
dried diet weight. The viscosity power law model was applied to both small 
deformation and steady shear measurements (Shelat et al., 2015) as per the power 
law model (Holdsworth, 1971)  
 
6.2.6 Blood analysis – enteroendocrine hormones 
Blood was taken two hours postprandially from the jugular vein. Blood was collected 
into VacutainersTM coated with anti-coagulant K2EDTA and a peptidase inhibitor 
cocktail containing Protease, Esterase and DPP-IV Inhibitors (BDTM P800 366421). 
All tubes containing blood were kept cool on top of an ice slurry and were centrifuged 
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in a temperature-controlled centrifuge at 4oC. Insulin-glucose (I:G) ratio was 
calculated as follows:  
 
I:G=Insulin conc. / Glucose conc. 
  
Where Insulin conc. is the plasma insulin concentration two hours postprandial and 
Glucose conc. is the plasma glucose concentrations two hours postprandial. 
Plasma samples were analysed for glucose according to a standard procedure using 
glucose hexokinase II and enzymatic colorimetric determination.  
Plasma insulin was analysed by RIA (Siemens Coat-a-Count kit 10381347), with 
assay sensitivity of 0.9 mIU/mL, and within and between assay precision of 6.7% 
and 7.9% respectively for a quality control of 22.9 mIU/mL. GLP-1 was analysed by 
RIA (Millipore GLP-1 active kit GLP1A-35HK) with assay sensitivity of 3pM, and 
within and between assay precision of 5.2% and 3.7% respectively for a quality 
control of 40.0 pM. GIP was analysed by ELISA (Millipore GIP kit EZRMGIP-55HK) 
with assay sensitivity of 8.2 pg/mL, and within and between assay precision of 0.7% 
and 0.4% respectively for a quality control of 540.7 pg/mL. Peptide YY was analysed 
by RIA (Millipore kit PCP-22K) with assay sensitivity of 0.1 ng/mL, and within and 
between assay precision of 4.2% and 5.8% respectively for a quality control of 188.4 
pg/mL. C Peptide was analysed by RIA (Millipore kit PCP-22K) with assay sensitivity 
of 0.1 ng/mL, and within and between assay precision of 2.3% and 6.7% respectively 
for a quality control of 0.58 ng/mL. CCK was analysed by RIA (Euro Diagnostica RB 
302) with assay sensitivity of 0.3 pM, and within assay precision of 3.1% for a quality 
control of 12.5 pM. Ghrelin was analysed by RIA (Millipore kit GHRA-88HK) with 
assay sensitivity of 2.3 pg/mL, and within and between assay precision of 5.7% and 
3.2% respectively for a quality control of 64.9 pg/mL. Leptin was analysed by RIA 
(Millipore kit XL-85K) with assay sensitivity of 0.2 ng/mL, and within and between 
assay precision of 6.3% and 6.3% respectively for a quality control of 3.2 ng/mL. The 
assay precisions above are expressed as % Coefficient of Variation (CV), which is 
the standard deviation/mean as a percentage. 
6.2.7 Statistical analyses 
The experimental units for all parameters were the 30 pigs. Water holding capacity of 
the diets was analysed using the GLM Procedure in SAS 9.3 (SAS Institute, Inc., 
106 
 
Cary, NC, USA). Small intestinal α-amylase activity and gut peptide concentrations 
were analysed using the MIXED procedure using the same program, including the 
Diet as a fixed effect and pig as a random effect. The interaction of Diet*GIT Site 
was determined by the first order ante-dependence covariance structure chosen as 
the repeated measures model. This allows for changes in variance along the GIT as 
well as correlation between GIT sites. If the slice statement reported significant 
differences, a Post Hoc test using the Tukey method was further used to determine 
differences between groups. Data are shown as means and standard error of the 
means. Group means were analysed using Proc GLM and significance of treatment 
differences was set at P<0.05. Tendencies were reported when 0.05< P<0.1.  
6.3 Results 
6.3.1 Pig performance 
The pigs consumed their daily allowances for the entire experiment. Post mortem 
examinations at the conclusion of the experiments revealed no obvious 
abnormalities. Live weight gain, feed intake and feed/gain ratio were not influenced 
by the type of diet (Zhang D. Personal communication).  
6.3.2 Water holding capacity - diets 
The water holding capacity (WHC) of the diets is shown in Figure 19. The WHC of 
the diets were significantly different from each other (P<0.001). BG had the highest 
WHC while AX followed suite. The WHC of AXBG was not intermediate but had a 
lower WHC when compared with AX and BG. WWF had the lowest water holding 
capacity. 
6.3.3 Power law index - stomach contents 
The power law indices of stomach contents are shown in Figure 20. The power law 
index values of stomach contents were log transformed and were significantly 
different depending on the diet (P=0.047).  
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Figure 19: Water holding capacity of diets (mean ± SE) *a, b, c, d & e represent significant 
differences where P<0.05 where Control=control diet, AX= arabinoxylan diet, BG= β-glucan 
diet, AXBG= combination diet, WWF= whole wheat flour diet 
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Figure 20: Power law indices of stomach contents (mean ± SE) of pigs adapted to and fed 
different diets where Control=control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= 
combination diet, WWF= whole wheat flour diet 
The power law index of stomach contents AXBG-fed pigs tended to be lower when 
compared with AX-fed pigs (P=0.067) but not when compared with BG-fed pigs and 
a 
b 
c 
d 
e 
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(P=0.13). The differences in the power law index from the stomach contents of 
AXBG-fed pigs suggest a more sheer-thinning property which can be correlated to 
the lower WHC of the AXBG diet (Figure 19). 
6.3.4 α-amylase activity in the small intestinal digesta 
Small intestinal contents (SI1-SI4) were analysed for α-amylase activity and 
expressed both on a wet (mL) and dry matter (DM) basis and are shown in Table 24. 
From here on, α-amylase activity expressed against DM will be referred to. Due to 
large biological variation with regards to α-amylase activity between pigs and the 
limited volume of digesta present in some parts of the small intestine at the time of 
sampling, no overall significant dietary effects were observed (P=0.43) (Figure 21). 
However there were significant Diet*GIT interaction effects (P=0.022). A Post Hoc 
test revealed that BG-fed pigs had significantly lower duodenal (SI1) and proximal 
jejunal (SI2) α-amylase activity when compared with control-fed pigs (P=0.015). 
Moreover, AXBG-fed pigs, had significantly higher α-amylase activity in the 
duodenum (SI1) (P=0.018) when compared with BG-fed pigs but not when compared 
with control-fed pigs (P=0.45).  
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Figure 21: α-amylase activity (mU/g DM ± SE) in small intestinal digesta from various 
gastrointestinal tract (GIT) compartments (SI1-SI4)) of pigs adapted to and fed different diets 
where Control= control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination 
diet, WWF= whole wheat flour diet. 
Diet effect P= 0.43 
GIT effect P<0.001 
Diet*GIT effect P= 0.022 
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Irrespective of diet, α-amylase activity decreased from SI1 to SI4 (P<0.001). Due to 
an absence of digesta in SI4 for WWF-fed pigs α-amylase activity could not be 
determined. Gastric and small intestinal pH was also determined as shown in Table 
25. Diet was found to significantly affect the pH of gastric and small intestinal 
contents (P=0.006) though only at the level of the stomach and SI4. WWF-fed pigs 
had significantly lower gastric pH when compared with control-fed pigs as 
determined by a Post Hoc test (P=0.005). 
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Table 24: α-amylase activity (mean ± SE) determined in small intestinal digesta expressed against mL and g DM in SI1-SI4 of pigs adapted to and 
fed different diets where Control=control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat flour diet 
 Diets  P-values 
 n Control ± SE n AX ± SE n BG ± SE n AXBG ± SE n WWF ± SE GIT Diet 
GIT*
Diet 
Pancreatic α-
amylase activity 
(mU/mL) 
             
SI1 3 48.1 11 5 42.5 7 6 31.2 9 5 52.8 8 5 36.9 12 
<0.001 0.162 0.073 
SI2 3 54.7 6 4 58.5 11 6 26.8 4 4 66.3 23 2 29.3 17 
SI3 4 15.1 7 6 31.7 5 5 27.4 4 6 21.3 6 2 13.8 7 
SI4 5 23.1 8 5 22.7 7 3 16.8 6 6 14.8 3 0 . . 
Pancreatic α-
amylase activity 
(mU/g DM) 
                  
SI1 3 739.8 128 5 604.9 205 6 424.4 128 5 912.1 163 5 735.5 307 
<0.001 0.434 0.022 
SI2 3 728.7 250 4 568.4 119 6 253.2 45 4 616.4 189 2 603.9 455 
SI3 4 178.3 114 6 248.1 36 5 229.5 54 6 148.6 35 2 121.1 78 
SI4 5 138.0 52 5 173.5 60 3 118.1 49 6 89.1 20 0 . . 
*Enzyme units: amylase unit = the amount of amylase that cleaves ethylidene-pNP-G7 to generate 1.0 µmol of nitrophenol per 
minute at pH 7.2 at 25oC. 
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Table 25: pH of gastric and small intestinal contents of pigs adapted to and fed different diets where Control= control diet, AX= arabinoxylan diet, 
BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat flour diet 
 Diets P-values 
 
Control ± SE AX ± SE BG ± SE AXBG ± SE WWF ± SE GIT Diet GIT*Diet 
Stomach 4.26 0.26 4.49 0.08 4.35 0.22 4.57 0.18 3.11 0.24 
<0.001 0.006 
<0.001 
SI1 6.10 0.22 6.19 0.16 6.07 0.23 6.47 0.03 6.33 0.13 0.33 
SI2 6.20 0.15 6.18 0.16 6.32 0.10 6.14 0.13 6.11 0.14 0.9 
SI3 6.32 0.11 6.14 0.11 6.48 0.22 6.58 0.14 6.55 0.07 0.21 
SI4 6.50 0.11 6.83 0.07 6.89 0.09 6.74 0.16 6.27 0.13 0.018 
SI5 6.70 0.05 7.11 0.07 6.98 0.09 7.02 0.07 6.73 0.20 0.19 
SI6 7.03 0.14 7.12 0.15 6.89 0.09 7.03 0.05 6.82 0.16 0.62 
*GIT*Diet determined by slice effect from the MIXED procedure
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6.3.5 Enteroendocrine hormones 
Diet had a significant effect on circulating plasma insulin (P=0.007), C-peptide 
(P=0.001) and GIP concentrations (P=0.042) two hours postprandial. No diet effect 
was observed for the other enteroendocrine hormones (Table 26).  
Pairwise comparisons from the Post Hoc test indicate that AXBG-fed pigs had 
significantly lower circulating plasma insulin concentrations (3.53µU/mL) two hours 
postprandially (P=0.029), compared with control-fed pigs (8.31µU/mL). WWF-fed 
pigs had the highest circulating plasma insulin concentrations (13.36µU/mL) and 
were significantly different compared with AXBG-fed pigs (P=0.007). Pigs fed AX and 
BG as the sole SDF source, had lower circulating plasma insulin concentrations 
when compared with control-fed pigs, though this difference was not significant 
(P=0.13 and 0.43 respectively). 
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Table 26: Pancreatic endocrine and enteroendocrine plasma hormone concentrations two hours postprandial of pigs adapted to and fed different 
diets where Control= control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat flour diet  
 
Control  
SE 
AX  
SE 
BG  
SE 
AXBG  
SE 
WWF  
SE 
P-values 
n 6 6 6 6 6 Diet 
Glucose 6.40 0.3 5.95 0.3 5.73 0.3 5.95 0.2 6.63 0.5 0.39 
Insulin 8.31 1.9 5.18 1.1 7.75 1.8 3.53 0.9 13.36 2.7 0.007 Ŧ 
I:G Ratio 1.27 0.2 0.86 0.2 1.38 0.4 0.59 0.02 1.98 0.3 0.007 Ŧ 
C-Peptide 0.63 0.1 0.31 0.03 0.47 0.2 0.36 0.06 1.09 0.1 0.001 Ŧ 
GIP 447.00 31.6 384.53 43.5 369.53 37.9 405.86 35.4 563.25 68.1 0.042 Ŧ 
GLP-1 91.88 6.7 91.81 11.3 99.46 3.7 95.83 4.1 95.55 8.3 0.94 
PYY 73.05 5.0 81.86 3.9 67.23 7.9 66.33 6.8 66.71 6.1 0.34 
Ghrelin 168.06 7.2 177.26 19.3 170.21 14.8 126.45 22.9 178.01 25.4 0.31 
Leptin 1.75 0.4 1.03 0.1 1.31 0.3 0.93 0.1 0.93 0.2 0.23 
CCK 2.96 0.2 2.58 0.4 5.46 1.8 3.33 0.6 5.61 2.1 0.35 
*Units: Glucose: mmole/L, Insulin: µU/mL, C-Peptide: U/mL, GIP: pg/mL, GLP-1: pM, PYY: pg/mL, Ghrelin: ng/mL, Leptin: ng/mL, 
CCK: U/mL and where Ŧ P<0.05 
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AX and AXBG-fed pigs had significantly lower (P=0.026 and 0.012 respectively) 
circulating plasma C-peptide concentrations (0.31 and 0.36 U/mL) two hours 
postprandially when compared with control-fed pigs (0.63 U/mL). WWF-fed pigs had 
the highest circulating plasma C-peptide concentrations (1.09 U/mL) and were 
significantly different when compared with control-fed pigs (P=0.019). Only BG-fed 
pigs (0.47 U/mL) were not significantly different from control-fed pigs (P=0.18). A 
strong correlation across all diets was determined between plasma C-peptide 
concentrations and plasma insulin concentrations (Pearson correlation coefficient 
r=0.79).  
BG-fed pigs tended to have the lowest circulating plasma GIP concentrations 
(369.53 pg/mL) two hours postprandially when compared with control-fed pigs (447.0 
pg/mL) (P=0.066). WWF-fed pigs had the highest circulating plasma GIP 
concentrations (563.25 pg/mL) and but were not significantly different when 
compared with control-fed pigs (P=0.12). Pigs fed SDF had lower circulating plasma 
GIP concentrations when compared with control-fed pigs, though the difference was 
not significant (P=0.17). 
6.4 Discussion 
This experiment has shown that AXBG-fed pigs had the highest α-amylase activity in 
the duodenum two hours postprandial. It was further determined that the AXBG diet 
had the lowest WHC and stomach contents from AXBG-fed pigs had the lowest 
power law index suggesting that the stomach contents from AXBG-fed pigs were 
more shear-thinning in comparison with the stomach contents from AX and BG-fed 
pigs. This suggests that digesta in AXBG-fed pigs was less resistant to flow along 
the GIT and required less stress to deform the luminal matrix when compared with 
digesta from AX and BG-fed pigs. As the power law index for gastric contents of 
AXBG-fed pigs was low, it is suggested that the chyme secreted into the duodenum 
of AXBG-fed pigs would be more susceptible to deformation by peristaltic 
contractions when compared to the chyme from AX and BG-fed pigs.
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To describe the matrix differences between the digesta from pigs fed the different 
diets a schematic was designed (Figure 22). Schematic A represents the small 
intestinal luminal contents from control-fed pigs devoid of any SDF. Schematic B and 
C represent small intestinal luminal contents from AX and BG-fed pigs respectively 
and show how AX and BG interlink and provide an adhesive network. Schematic D 
represents small intestinal digesta from AXBG-fed pigs and illustrates a matrix which 
does not have strong adhesive properties even though both SDF are combined. 
116 
 
 
 
 
 
 
Figure 22: Schematic representation of particulate food remnants with digestive enzymes and non-digested soluble dietary fibres (SDF) in the 
small intestine. Where A, B, C and D represent small intestinal contents from pigs fed control, AX, BG and AXBG diets respectively 
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A more particulate and less adhesive luminal matrix could allow α-amylase to 
hydrolyse introduced substrates from the colorimetric assay kit more effectively, thus 
resulting in an increased α-amylase activity. However despite, this increase in 
postprandial α-amylase activity, AXBG-fed pigs had the lowest plasma insulin 
concentrations two hours postprandial which suggests an altered carbohydrate 
digestion potentially due to the different dietary physico-chemical properties that 
arise when SDF AX and BG are combined. Alternatively, this low plasma insulin 
could be due to either a decrease of starch in these diets, increased gastric retention 
time or differences in α-amylase activity in the proximal small intestine.  
The differences in α-amylase activity can be partially explained by the WHC of the 
diets. Pigs fed individual SDF, wheat AX and oat BG (at 10% inclusion) had 
decreased α-amylase activity two hours postprandially when compared with control-
fed pigs. The high WHC of these diets resulted in a more viscous, compact and 
adhesive luminal matrix which was more resistant to flow, restricting enzyme-
substrate complex formation. Despite differences in α-amylase activity in the small 
intestinal digesta it is assumed that the secretion of amylase was identical between 
treatments as the concentration of the α-amylase protein was not previously found to 
be altered by diet as determined by ELISA (chapter 4). 
Gut peptides concentrations have been reported to be influenced by SDF 
consumption in rats (Adam et al., 2014), pigs (Hooda et al., 2010), and humans (Yu 
et al., 2014). However, these studies collected blood over an extended period of time 
which is desirable as gut peptides are secreted in response to nutrient ingestion and 
small intestinal nutrient sensing while also having a very short half-life. In this study, 
gut peptides were not significantly affected by treatment except for the incretin GIP, 
which was significantly higher in WWF-fed pigs when compared with BG-fed pigs 
(P=0.043). High concentrations of GIP for WWF-fed pigs could explain the 
significantly higher postprandial plasma insulin concentrations (13.36µU/mL). 
Although not statistically significant, AXBG-fed pigs diet had the lowest circulating 
ghrelin (126.45 ng/mL) and leptin concentrations (0.93 ng/mL) two hours 
postprandially, suggesting these pigs would have had prolonged satiety. The insulin-
to-glucose ratio can provide information about the degree of insulin sensitivity 
(DeFronzo et al., 1979). Although a single blood sample taken two hours 
postprandial is not sufficient to make concrete statements about insulin sensitivity, 
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AXBG-fed pigs had the lowest insulin-to-glucose ratio two hours postprandial, which 
suggests that these pigs were potentially more insulin sensitive. However, these 
results are from a single time point and although they are indicative of increased 
insulin sensitivity, a kinetic study following an oral glucose challenge would provide a 
greater insight with regards to postprandial insulin response (Chapter 7).  
6.5 Conclusions 
These data suggest that AXBG-fed pigs had increased duodenal α-amylase activity 
two hours postprandial due to a diet with a low water holding capacity and a low 
adhesive matrix. As such the determined α-amylase activity was significantly higher 
in the duodenum of AXBG-fed pigs when compared with BG-fed pigs although 
AXBG-fed pigs had the lowest plasma insulin concentrations two hours postprandial. 
It appears that the concentrations and combination of SDF included in these diets, 
has the potential to alter carbohydrate digestion through changes in WHC and 
physico-chemical properties. These dietary properties can alter the digestive 
process, foremost by restricting the rate of enzyme-complex formation, delaying 
macronutrient hydrolysis in the small intestine resulting in a delayed insulin 
response. 
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Chapter 7 Combined soluble dietary fibres arabinoxylan 
and β-glucan attenuate postprandial insulin response in 
pigs following an oral glucose tolerance test 
7.1 Introduction 
Soluble dietary fibres (SDF) have been reported to have numerous health benefits 
for humans, notably reducing postprandial blood glucose levels, improving overall 
glycaemic response (Lu et al., 2004b) and resulting in improved insulin sensitivity 
(Breneman & Tucker, 2013). Soluble dietary fibres are expected to form viscous 
solutions, aggregates or gels when they come in contact with an aqueous liquid 
phase (Shelat et al., 2010). In forming these structured systems, SDF have been 
observed to increase gastric retention time primarily due to increased viscosity of 
gastric contents (de Leeuw et al., 2008; Delzenne & Cani, 2005). A number of 
human and animal studies have shown that the consumption of SDFs delay gastric 
emptying and reduce the rate of digestion and absorption of macronutrients in the 
small intestine (Yu et al., 2014; Zijlstra et al., 2012). These actions are seen as 
beneficial to human health as they result in lower postprandial glycaemic and insulin 
responses (Christensen et al., 2013; Nielsen et al., 2014; Socorro et al., 1989). 
Moreover, increasing gastric retention time has been shown to reduce the rate of 
digestion, absorption of macronutrients (Yu et al., 2014) and thus lead to improved 
glucose tolerance (Jenkins et al., 2014). 
Following a meal challenge, intact whole cereal grains have proved to be effective in 
reducing glucose and insulin responses (Jenkins et al., 1986). Whole cereal grains 
consist of a combination of SDF and IDF and the ratio of SDF to IDF depends on the 
cereal grain (Ragaee et al., 2006). Few studies combine more than one type of SDF 
to an experimental diet. Typically, the amount or type of SDF is varied which allows 
potential diet effects to be explained.  
The current study incorporates individual SDF from wheat, arabinoxylan (AX) and 
oat β-glucan (BG), a combination of the two (AXBG) and a more typical ‘human style’ 
diet consisting of whole wheat flour (WWF), all compared with a wheat starch control 
diet (Control). The aim of the current study was to determine the effect of these SDF 
on plasma glucose, insulin, incretin, Peptide YY (PYY) and non-esterified fatty acid 
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(NEFA) concentrations in grower pigs as a human model following a meal and an 
oral glucose tolerance test (OGTT) over four hours postprandial.  
7.2 Materials and Methods 
7.2.1 Experimental design, animals and housing 
Thirty three Large White male pigs were obtained from The University of Queensland 
Gatton Piggery. All the piglets had a common paternal boar and were born within 
one week of each other. Differences between diets in blood parameters can be used 
to identify the effects of combining SDFs on carbohydrate digestion and digestion. 
The average weight of the pigs during surgery was 59.0 ± 2.9 kg. The pigs were 
housed individually on raised floors in 1.8 m2 pens. The walls of the pens were 
covered in plastic resulting in smooth walls. Individual housing was realised by 
placing stainless steel pig pens side-by-side with a feeding trough at one end. Pigs 
could see and hear each other but were restricted by the pens to touch. Lights were 
on from 0600 to 1800 h. The shed was mechanically ventilated. The experiment was 
approved by The University of Queensland Animal Ethics Committee (AEC Approval 
No. NFS/364/13/ARC). 
7.2.2 Habituation 
Prior to surgery and blood sampling, pigs were handled on a daily basis by a number 
of trained personnel. Each pig experienced an extensive amount of human contact, 
with a particular focus to the region pertaining to the neck and ears so as to 
habituate them to human contact and to allow for effective stress-free blood 
sampling via the jugular catheters as can be seen in Figure 23.  
7.2.3 Surgery 
The pigs were sedated, anesthetized and placed dorsally on an operating table. 
Following intubation, an incision was made in the jugular fossa on one side of the 
neck in a caudo-medial to cranio-lateral direction. Blunt dissection was used and 
once the jugular vein was located, a central venous catheter was inserted into the 
vein (Central Venous catheterization set with Blue Flextip Catheter, Arrow 
Deutschland GmbH, Erding, Germany). The end of the catheter was then sutured in 
place adjacent to the jugular vein with 3/0 chromic catgut. Subcutaneous tissues 
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were also sutured with 3/0 catgut in order to minimise dead-space. An intravenous 
extension tube was secured onto the end of the catheter at the cranial end of the 
skin incision and the wound was close with surgical staples and a sterile dressing 
was placed over the wound. The intravenous extension tube and was secured by 
means of tape and super glue onto the back of the neck. Following the operation, 
they were given one day to recover before the feed challenge. Catheters were 
flushed with heparinised saline (4IU) to maintain patency and a heparin lock of 100IU 
was administered during the evening. 
7.2.4 Diets and feeding 
Post weaning, the pigs were fed a commercial diet and were then adapted to their 
experimental diets over a seven day period. Before the insertion of the jugular 
catheter, they were fed the experimental diet for a further 14 days. The basal diets 
were based on wheat starch, Na-caseinate, whey protein concentrate (80%), whole 
egg powder, sucrose, palm oil, and sunflower oil with added vitamins and minerals 
as per chapter 6 (Table 22). Pigs received one of five diets varying in type and 
amount of cereal SDF wheat arabinoxylan and oat β-glucan as per chapter 6. The 
control diet (Control) contained wheat starch as the primary source of carbohydrate. 
The experimental diets contained of 10% arabinoxylan (AX), 10% β-glucan (BG) or a 
combination of the two fibres at 5% each (AXBG). The SDF replaced wheat starch 
on an energy and percentage basis. The fifth diet represented a human style diet 
consisting of whole wheat flour (WWF). All diets were balanced on an energy basis. 
Pigs were fed individually according to their metabolic weight at 2.7 times the 
metabolisable energy requirements for maintenance. Feeding times were varied in 
the morning so the pigs would not associate the first person to enter the room with 
the one who feeds them. Feed was divided into two equal meals with ad libitum 
access to water. 
The pigs were given 48 h to recover following the insertion of the catheter. After an 
overnight fast, pigs were given the feed challenge and the time taken to finish the 
meal was recorded. All pigs consumed their meal within 10 ± 5 minutes. The 
following day the same pigs received an OGTT. After an overnight fast a glucose 
solution (1.5g/kg body weight) was fed to the pigs in large syringes (Figure 23). 
Silicon tubes were attached to the ends of the 50 mL syringes which allowed the pigs 
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to drink the glucose solution with minimal loss. All pigs consumed the glucose 
solution within 2 ± 1 minute. 
 
Figure 23: Feeding the glucose solution (1.5g/kg body weight) to a pig through a silicon tube 
attached to a 50 mL syringe while a 10 mL syringe is attached to the jugular catheter ready for 
blood collection 
7.2.5 Sampling protocol 
Surgery and blood collection ran over a three week period, due to the complexity of 
the surgery and the number of animals (11 pigs per week). Blood was collected in 
heparinised VacutainersTM for insulin analysis and in VacutainersTM coated with anti-
coagulant K2EDTA and a peptidase inhibitor cocktail containing Protease, Esterase 
and DPP-IV Inhibitors (BDTM P800 366421). Blood was collected one hour prior to 
feeding (-60 min) and then every 15 minutes from feeding time (T0 min) to two hours 
(120 min) postprandial and then at three (180 min) and four hours (240 min) 
postprandial. Following each blood collection, catheters were flushed with 10-20 mL 
of saline solution to replace fluid loss followed by 3 mL of heparinised saline (4IU) to 
prevent clotting. Blood was centrifuged at 3000 g for ten minutes and plasma frozen 
at -20oC and stored at -80oC for gut peptide analysis. 
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7.2.6 Analytical procedure 
Plasma samples were analysed for glucose according to a standard procedure using 
glucose hexokinase II and enzymatic colorimetric determination. Non-esterified fatty 
acid (NEFA) was determined using the Wako ACS-ACOD assay using a Beckman 
Coulter AU400 Analyser (Beckman Coulter Inc. Brea California USA) and within and 
between assay precision of 3.0%.  
Plasma insulin was analysed by RIA (Siemens Coat-a-Count kit 10381347), with 
assay sensitivity of 0.9 mIU/mL, and within and between assay precision of 6.7% 
and 7.9% respectively for a quality control of 22.9 mIU/mL. Cortisol was analysed by 
RIA (Beckman Coulter kit IM1841) with assay sensitivity of 2.5 nM, and within assay 
precision of 2.7% for a quality control of 139.9 nM. Glucagon was analysed by RIA 
(Millipore Glucagon kit GL-32K) with assay sensitivity of 12.5 pg/mL, and within and 
between assay precision of 3.0% and 3.0% respectively for a quality control of 110.7 
pg/mL. GLP-1 was analysed by RIA (Millipore GLP-1 active kit GLP1A-35HK) with 
assay sensitivity of 3pM, and within and between assay precision of 5.2% and 3.7% 
respectively for a quality control of 40.0 pM. GIP was analysed by ELISA (Millipore 
GIP kit EZRMGIP-55HK) with assay sensitivity of 8.2 pg/mL, and within and between 
assay precision of 0.7% and 0.4% respectively for a quality control of 540.7 pg/mL. 
Peptide YY was analysed by RIA (Millipore kit PCP-22K) with assay sensitivity of 0.1 
ng/mL, and within and between assay precision of 4.2% and 5.8% respectively for a 
quality control of 188.4 pg/mL. Plasma glucose, insulin and NEFA concentrations 
were determined for all time points (-60 min to 240 min). Plasma cortisol 
concentrations were determined for all pigs at time points 0 and 120 min. Plasma 
GIP, GLP-1 and PYY concentrations were determined for control and AXBG-fed pigs 
following the feed challenge. 
7.2.7 Statistical analyses 
The experimental units for all parameters were the 30 pigs. Area under the curves 
(AUC) for plasma glucose, plasma insulin and plasma gut peptides concentrations 
were analysed using the MIXED procedure in SAS 9.3 (SAS Institute, Inc., Cary, NC, 
USA), including the Diet as a fixed effect and pig as a random effect. The effects of 
Diet, time and the interaction Diet*time was determined by the slice statement using 
the same model. If the slice statement reported significant differences, a Post Hoc 
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test using the Tukey method was further used to determine differences between 
groups. GraphPad Prism (Ver. 6.04) was used to calculate the AUC. Group means 
were analysed using Proc GLM and significance of treatment differences was set at 
P<0.05.  
7.3 Results  
Due to minor complications arising during insertion of the jugular catheters, a total of 
30 pigs had functioning patent catheters. Hence, 30 pigs were provided the feed 
challenge and the OGTT. 
7.3.1 Plasma cortisol concentrations  
Although the pigs were habituated to human contact prior to the experiment, plasma 
cortisol concentrations were determined to check for stress. Following the feed 
challenge, plasma cortisol concentrations at time 0 and 120 minutes postprandial 
were determined and are presented in Table 27. From a total of 30 pigs, eight pigs 
had plasma cortisol concentrations that were slightly elevated (>50 ng/ml) at either 
time point. Although plasma cortisol concentrations are commonly used as an index 
of stress (Almadi et al., 2013), no plasma cortisol concentrations were sufficiently 
elevated to indicate severe stress, and hence results from all 30 pigs were included 
in the statistical analyses. 
Table 27: Plasma cortisol (ng/mL) (mean ± SE) at times 0 and 120 mins postprandial of pigs 
adapted to and fed different diets where Control= control diet, AX= arabinoxylan diet, BG= β-
glucan diet, AXBG= combination diet, WWF= whole wheat flour diet 
Time 
(mins) 
Control ± SE AX ± SE BG ± SE AXBG ± SE WWF ± SE 
0 31.1 ± 6.2 26.1 ± 7.3 36.5 ± 7.7 29.3 ± 5.7 45.4 ± 11.5 
120 13.2 ± 4.7 7.9 ± 1.4 29.4 ± 13.6 22.1 ± 9.1 22.5 ± 9.6 
7.3.2 Feed challenge and oral glucose tolerance test  
Following a feed challenge and an OGTT, the plasma insulin and glucose area under 
the curves (AUC) from -60 (i.e. 1 h before feeding) to 240 minutes postprandial for 
30 pigs were determined and are presented in Table 28. The insulin response 
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following the feed challenge when compared with the OGTT was significantly larger 
(P<0.001). 
Table 28: Plasma glucose and insulin area under the curve (AUC) from the feed challenge and 
oral glucose tolerance test of pigs adapted to and fed different diets where Control= control 
diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat 
flour diet 
Area under the 
curve (AUC) 
 
Control 
SE 
AX 
SE 
BG 
SE 
AXBG 
SE 
WWF 
SE 
 n 6 6 7 5 6 
Feed Glucose  1730.2 56 1669.5 72 1727.0 60 1700.0 92 1788.6 45 
Feed Insulin  5172.7 485 5267.3 1130 3990.3 198 4536.2 678 4119.3 708 
OGTT Glucose  1642.0 26 1560.7 61 1642.9 68 1521.4 91 1685.2 34 
OGTT Insulin  2512.7 425 2924.3 430 2116.6 260 2026.6 403 2504.1 553 
Where Feed= Feed challenge and OGTT= Oral glucose tolerance test 
7.3.3 Post feed responses in plasma glucose and insulin concentrations  
Plasma glucose and insulin concentration during the feed challenge are presented in 
Figure 24. From the MIXED procedure no dietary effect was observed (P=0.59) 
concerning the AUC from -60 to 240 minutes postprandial following the feed 
challenge. A significant time effect was observed (P<0.001). However, no Diet*time 
effect was observed (P=0.83). A second sustained rise of plasma glucose from 120 
to 240 minutes postprandial was observed and in the case of WWF-fed pigs was 
greater than the first glucose peak (6.1±0.3 mmole/L at 30 min and 6.5±0.3 mmole/L 
at 180 min). 
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Figure 24: Plasma glucose (mmole/L) (A) and plasma insulin (µU/mL) (B) concentrations following a feed challenge of pigs adapted to and fed 
different diets where Control= control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat flour diet 
A B 
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Following the feed challenge, no dietary effect was observed (P=0.35) for plasma 
insulin concerning the AUC from -60 to 240 minutes postprandial. A significant time 
effect was observed (P<0.001). However, no Diet*time effect was observed 
(P=0.92). Following the feed challenge, the plasma insulin rose abruptly, peaking at 
30-45 min, and did not return to fasting/basal levels over the four hours of sampling. 
7.3.4 Post feed response in plasma glucagon concentrations  
To investigate the cause of the sustained rise of plasma glucose following the feed 
challenge, plasma glucagon concentrations were determined at times -60, 0, 30, 60, 
90, 120, 180 and 240 (mins) in all pigs; results are presented in Figure 25. Following 
the feed challenge no apparent diet effects (AUC) were observed for plasma 
glucagon (P=0.16). 
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Figure 25: Plasma glucagon concentrations (pg/mL) following a feed challenge of pigs adapted 
to and fed different diets where Control= control diet, AX= arabinoxylan diet, BG= β-glucan 
diet, AXBG= combination diet, WWF= whole wheat flour diet 
Plasma glucagon concentrations changed over time with a slight increase over the 
240 minutes postprandial. Plasma glucagon concentrations were highest between 
60-120 minutes postprandial, corresponding with declining plasma glucose and 
insulin concentrations. However, after the feed challenge, plasma glucagon 
concentrations were slightly increased throughout the sampling period while at 240 
minutes postprandial all pigs had continued higher plasma glucose, insulin and 
glucagon concentrations. 
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7.3.5 Post oral glucose tolerance test responses in plasma glucose and 
insulin concentrations  
Plasma glucose and insulin concentrations trends following an OGTT are presented 
in Figure 26. From the MIXED procedure, no dietary effect was observed (P=0.21) 
for plasma glucose concerning the AUC from -60 to 240 minutes postprandial. A 
significant time effect was observed (P<0.001). However, no Diet*time effect was 
observed (P=0.71). The plasma glucose curve was biphasic with the first phase from 
0 to 75 minutes and the second phase from 75 to 180 minutes postprandial. 
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Figure 26: Plasma glucose (mmole/L) (A) and plasma insulin (µU/mL) (B) concentrations following an oral glucose tolerance test of pigs adapted to 
different diets where Control= control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat flour diet
A 
B 
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Following an OGTT, no dietary effect was observed (P=0.67) for plasma insulin 
concerning the AUC from -60 to 240 minutes postprandial. A significant time effect 
was observed (P<0.001), but no Diet*time effect was observed (P=0.56). However, 
the slice effect from the MIXED procedure revealed that at 60 minutes there were 
significant differences in plasma insulin concentrations (P=0.017). Plasma insulin 
concentrations for AX and WWF-fed pigs were significantly higher when compared 
with control-fed pigs (P=0.038 and 0.027 respectively). As plasma glucose 
concentrations returned to fasting values approximately between 120 and 180 
minutes postprandial, plasma insulin concentrations also decreased to fasting levels. 
By 240 minutes postprandial, plasma insulin concentrations were very low, 
approaching the detection limits of the insulin assay kits. AXBG-fed pigs had a very 
different plasma glucose response following the OGTT. Despite very similar plasma 
insulin concentrations, plasma glucose for AXBG-fed pigs peaked at 45 minutes 
postprandial instead of 30 minutes and experienced a bigger drop at 60 to 75 
minutes postprandial. 
7.3.6 Post feed responses in plasma glucose-dependent insulinotropic 
peptide (GIP) and glucagon-like peptide -1 (GLP-1) concentrations 
As the plasma insulin concentrations two hours postprandial were significantly lower 
for AXBG-fed pigs in chapter 6, plasma GIP and GLP-1 concentrations were 
determined for control and AXBG-fed pigs and are presented in Figure 27. Plasma 
GIP concentrations increased significantly over time and were significantly lower in 
AXBG-fed pigs when compared to the AUC of control-fed pigs (P=0.014) from -60 to 
240 minutes postprandial. Plasma GLP-1 concentrations increased over time but not 
to the same degree as GIP. No dietary effects were observed between AXBG and 
control-fed pigs (P=0.26). 
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Figure 27 Total plasma GIP (A) and active plasma GLP-1 (B) concentrations following a feed challenge of pigs adapted to and fed different diets 
where Control= control diet and AXBG= combination diet  
A B 
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There is a difference between these gut peptide assays in terms of total versus 
active. GLP-1 is active (full length active protein), as such the assay does not 
measure the shorter metabolised version. For GIP, the assay determines total GIP 
(active and metabolised/non-active). 
7.3.7 Post feed response in plasma peptide YY (PYY) concentrations 
Plasma peptide YY (PYY) concentrations were determined for control and AXBG-fed 
pigs following the feed challenge and are presented in Figure 28. There was no 
difference in fasting levels of PYY (P=0.48) determined at -60 minutes. Plasma PYY 
concentrations increased before feeding from -60 minutes to feeding time (i.e.0 
mins). In response to feeding, plasma PYY concentrations continued to increase and 
peaked at 30 minutes for control-fed pigs but peaked at 60 minutes postprandial for 
AXBG-fed pigs. Plasma PYY concentrations increased significantly over time and 
were significantly lower in AXBG-fed pigs when compared to the AUC of control-fed 
pigs (P=0.044)  
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Figure 28 Plasma PYY concentrations following a feed challenge of pigs adapted to and fed 
different diets where Control= control diet and AXBG= combination diet 
 
133 
 
7.3.8 Plasma non-esterified fatty-acids (NEFA) 
Plasma NEFA concentration (mEq/L) trends following a feed challenge and an 
OGTT are presented in Figure 29. There were no significant differences for plasma 
NEFA concentrations in the AUC from -60 to 240 minutes postprandial following the 
feed challenge or the OGTT (P=0.94 and 0.85 respectively). Following the feed 
challenge there was a decrease in plasma NEFA concentrations between the -60 
minute and 0 time point, this did not occur following the OGTT. Plasma NEFA 
concentrations appeared to plateau 120 minutes following the feed challenge 
however they continued to increase after 120 minutes following the OGTT.
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 Figure 29: Plasma non-esterified fatty acid concentrations following a feed challenge (A) and an oral glucose tolerance test (B) of pigs adapted to 
different diets where Control= control diet, AX= arabinoxylan diet, BG= β-glucan diet, AXBG= combination diet, WWF= whole wheat flour diet 
A B 
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7.4 Discussion 
Jugular vein catheterization is useful for studying the kinetics of glucose uptake and 
endocrine hormone concentrations following a feed challenge or an OGTT. In the current 
study, 30 pigs adapted to diets with cereal SDF AX, BG (individually and combined) and a 
model cereal diet WWF were used to assess changes in glucose digestion and tolerance. 
Following the feed challenge, plasma glucose concentrations could be separated into 
three phases. The first phase from 0 to 60 minutes displayed a plasma glucose peak (30 
min) and decline, which was followed by a second phase rise from 60 to 120 minutes, 
which then plateaued in a third phase from 120 to 240 minutes. Following the feed 
challenge, plasma glucose concentrations did not return to a resting state (~5 mmole/L) 
instead remaining at 6-6.5 mmole/L. The sustained concentration of plasma glucose from 
60 to 120 minutes was thought to be due to continued digestion of the feed as plasma 
cortisol concentrations were not elevated sufficiently to cause glucose production within 
liver cells which would normally result in hyperglycaemia (Marik & Bellomo, 2013). 
Continued digestion coincides with the sustained level of plasma glucose and suggests 
that the stomach was releasing its contents over an extended period of time. A study by 
Hooda et al. (2010) found a decreased glucose absorption in portal-vein catheterized pigs 
within the first hour after feeding with a diet containing 6% β-glucan. A study by 
Christensen et al. (2013) found a decreased glucose absorption in pigs fed AX bread at 60 
minutes postprandial and a decreased insulin secretion at 30 minutes postprandial. Other 
studies using wheat AX concentrates have also shown plasma glucose to be attenuated 
following a meal challenge (Garcia et al., 2006; Lu et al., 2004a; Lu, Walker, et al., 2000). 
In the current study AX or BG-fed pigs did not have a significant decrease in plasma 
glucose or insulin concentrations following the feed challenge. This might be due to 
differences in the food matrix or in the glycaemic control of the pigs. Feeding either bread 
or intact kernels might be better in lowering blood glucose and insulin responses than 
powdered diets due to the encapsulation of the starch making it less accessible for 
hydrolysis (Juntunen et al., 2002). 
The rise in plasma glucose concentrations from 60 to 120 minutes (phase 2) is potentially 
due to the interplay between insulin and glucagon. As plasma insulin concentrations 
decreased between 30 and 60 minutes following the feed challenge, glucagon secretion 
increased (Figure 25) to ensure that plasma glucose levels would remain within the 
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homeostatic range. The glucoregulatory hormones of the body are designed to maintain 
circulating glucose concentrations and are constantly interacting in animals with tight 
glycaemic control (Aronoff et al., 2004). These results support the notion of tight glycaemic 
control in these pigs. The continued elevated plasma glucose concentration (phase 3) is 
most likely a result of continued absorption from the GIT, prolonging the insulin response 
with some opposing glucagon action (Meier et al., 2006). Increased glucagon 
concentrations would promote gluconeogenesis and glucose output from the liver, 
however insulin would oppose this (Parrilla et al., 1974).  
Following a meal, plasma glucagon concentrations are expected to decrease as plasma 
insulin concentrations typically increase (Meier et al., 2006). However directly after the 
pigs received the feed challenge, plasma glucagon concentrations remained elevated and 
even increased (Figure 25). This has been previously observed in subjects with type 1 
diabetes where infused insulin did not suppress α-cell production of glucagon (Unger & 
Orci, 1976). 
In response to increased plasma glucose concentrations following the feed challenge, 
plasma insulin concentrations increased dramatically (Figure 24 B). Plasma incretin 
concentrations of GIP and GLP-1 (Figure 27) support the postprandial surge in plasma 
insulin. Although AXBG-fed pigs had significantly lower plasma GIP concentrations when 
compared with control-fed pigs, postprandial plasma insulin concentrations did were not 
significantly different. There was no diet effect for plasma GLP-1 concentrations when 
comparing the AUC of control and AXBG-fed pigs. Lower postprandial GIP concentrations 
for pigs feed diets containing cereal SDF AX and BG is in agreement with previous studies 
(Christensen et al., 2013; Hooda et al., 2010). Plasma GLP-1 concentrations were not 
significantly affected by the different diets; however this is in agreement with previous 
studies (Christensen et al., 2013). 
Fasting plasma PYY concentrations were low and increased before the pigs were fed the 
feed challenge. Secretion of PYY is known to occur in anticipation of feeding, before 
nutrients reach the PYY-releasing cells (Karhunen et al., 2008). Following the feed 
challenge, plasma PYY concentrations increased in response to nutrient ingestion, 
however results from the current study showed that pigs adapted to a diet containing SDF 
had lower plasma PYY concentrations over the four hours postprandial. A previous study 
using overweight but non-diabetic humans reported that total levels of plasma PYY 
increased in a linear fashion with increasing concentrations of soluble β-glucan (Beck et 
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al., 2010). In contrast with other studies, the pigs adapted to a diet containing SDF had a 
lower AUC for plasma PYY concentrations, attributed to the decrease observed at 75 
minutes postprandial. In response to feeding, plasma PYY concentrations peaked at 30 
minutes for control-fed pigs but peaked at 60 minutes postprandial for AXBG-fed pigs. This 
shift in the postprandial peak of plasma PYY concentrations has been previously observed 
when soluble psyllium-fibre enriched meals induced a slower release of PYY (Karhunen et 
al., 2008). The ileal brake, which slows transit through the GIT in response to fat, protein 
and carbohydrates sensed in the ileum is thought to depend heavily on PYY (Van Citters & 
Lin, 1999, 2006) as it has been shown that fat-induced ileal brake was abolished by PYY 
immunoneutralisation (Lin et al., 1996). These results suggest that AXBG-fed pigs would 
therefore have less of an ileal brake effect due to the lower plasma PYY concentrations.  
The glucose response curve following the OGTT was biphasic (Tschritter et al., 2003). 
Humans who have a biphasic glucose curve are thought to have higher insulin sensitivity, 
lower fasting plasma glucose, insulin levels and glucose and insulin AUC in the OGTT 
(Tschritter et al., 2003) and hence are thought to be more glucose tolerant. The first phase 
following the OGTT was between 0 to 75 minutes for AX, BG, AXBG and WWF-fed pigs 
but was between 0 to 90 minutes for control-fed pigs (Figure 26). This initial increase in 
plasma glucose was associated with the consumption of the glucose solution and its 
subsequent absorption into the systemic circulation. After the initial peak in plasma 
glucose, AXBG and control-fed pigs were very efficient in reducing their plasma glucose 
concentrations and developed hypoglycaemia. As such, the second rise in plasma glucose 
was assumed to be due to a hormonal response from glucagon to return glucose levels to 
a normoglycemic level. When compared with control-fed pigs, AXBG-fed pigs had the 
lowest overall AUC for plasma glucose but this was not statistically significant (P=0.17) 
from -60 to 240 minutes. Moreover, AXBG-fed pigs had the lowest AUC for the first 
glucose peak (0 to 75 minutes) compared with the other diets but was not significantly 
different (P=0.59). However when compared with control-fed pigs, AXBG-fed pigs had 
significantly lower AUC for plasma insulin (P=0.016) from -60 to 240 minutes. Combining 
SDFs AX and BG did not produce an intermediate effect. As shown in chapter 6, the WHC 
of the AXBG diet was lower than the AX and BG diet and as such the AXBG diet had 
different physico-chemical properties when compared with the individual AX and BG diets 
which both had 10% of their respective SDF, and this appears to alter carbohydrate 
digestion. 
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Plasma non-esterified fatty acid concentrations decreased as a response to glucose 
uptake both from the feed and the OGTT (Figure 29). The decrease in plasma NEFA 
concentration is a result of the switching of metabolic pathways to cellular utilization of 
energy. Plasma NEFA concentrations were not significantly affected by the different diets. 
Following the feed challenge, the NEFA concentrations increased after 45 minutes. 
However, following the OGTT plasma NEFA concentrations only started to increase after 
120 minutes postprandial. The increases in plasma NEFA concentrations following the 
feed challenge were not expected as it has been previously found that increased levels of 
plasma insulin prevent the increase in plasma NEFA (Wolever et al., 1995) although this 
was presumably related to the tight glycaemic control of the pigs. 
7.5 Conclusions 
This study suggests that despite the pigs displaying very tight glycaemic control, AXBG-
fed pigs were better in attenuating the insulin response following an OGTT when 
compared with control-fed pigs but not when compared with AX and BG-fed pigs. These 
results demonstrate that combining cereal SDFs AX and BG may alter carbohydrate 
digestion and attenuate subsequent glycaemic responses, probably mediated by altered 
physico-chemical properties of the diet. Consequently, combining cereal SDFs instead of 
using individual SDF fractions might be a useful additive in meals for the prevention and 
treatment of type-2 diabetes and is deserving of further study. 
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Chapter 8 General Conclusions and Future Directions 
This thesis has investigated mechanisms by which SDFs extracted from cereals and fruit 
impact on elements of digestive physiology. Initially, in vitro experiments were carried out 
to investigate the ability of digestive enzymes to adsorb non-specifically to food 
components and how this binding would then affect enzyme activity. Subsequently, three 
animal experiments using pigs as a human model were carried out to investigate the 
effects of the SDFs wheat arabinoxylan, oat β-glucan and apple pectin as well as a model 
cereal (whole wheat flour) and fruit (mango pulp) on the activity of pancreatic digestive 
enzymes in small intestinal digesta, concentration of enteroendocrine hormones, retention 
time of gastrointestinal contents, and the digestion of macronutrients. This study aimed to 
fill existing gaps in the literature on the causal mechanisms underlying reduced rates of 
macronutrient digestion due to the consumption of cereal and fruit SDF, thus providing a 
greater understanding of the health benefits associated with consuming a varied diet which 
includes whole cereal grains, fruits and vegetables.  
Human and animal studies have shown that the consumption of SDF delays gastric 
emptying and reduces the rate of digestion and absorption of macronutrients in the small 
intestine (Yu et al., 2014; Zijlstra et al., 2012). These physiological responses are seen as 
beneficial to human health as they result in lower postprandial glycaemic and insulin 
responses (Christensen et al., 2013; Nielsen et al., 2014; Socorro et al., 1989), reduced 
absorption of dietary lipids, and decreased serum cholesterol levels (Brown et al., 1999; 
Queenan et al., 2007). These beneficial physiological effects have been inferred from 
large-scale epidemiological studies (Chuang et al., 2012; Jacobs et al., 2007; Park et al., 
2011), while more recent studies have established the underlying mechanisms of these 
effects in controlled clinical trials (Nielsen et al., 2014; Wanders et al., 2014; Yu et al., 
2014). Despite considerable focus on the mechanisms that relate the consumption of 
SDFs to health benefits, they remain incompletely defined. There is compelling evidence 
that the beneficial actions of SDFs are primarily attributable to their physico-chemical 
properties and their ability to form viscous solutions and gels in the stomach and in the 
small intestine. In vitro experiments have previously shown that SDFs reduce the rate of 
maize starch digestion thought to be due to restricted enzyme-substrate complex 
formation (Dhital et al., 2014). Moreover, in vitro experiments using SDFs varying in 
charge have shown differential effects on pancreatic enzyme activities (Dunaif & 
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Schneeman, 1981). However, these findings from in vitro experiments do not always align 
with those from in vivo experiments. 
The ability of a food component such as granular wheat starch to adsorb the protease 
trypsin has been shown to significantly reduce the proteolytic ability of trypsin towards α-
amylase in vitro (chapter 3). As shown in chapter 3, this non-specific binding allows 
undigested food components in the small intestine to act as transporters for digestive 
enzymes delivering them throughout the length of the small intestine. Such an interaction 
can not only influence the rate of macronutrient digestion in the small intestine, but also 
enzyme proteolysis (i.e. inactivation).  
The ability of apple pectin and mango pulp to reduce fat digestion and absorption and to 
decrease pancreatic lipase activity in the small intestine as described in chapter 4, 
provides evidence of a cause and effect relationship (Rainbird & Low, 1986). Conversely, 
starch and protein digestion was increased in the small intestine of pectin-fed pigs, in 
contrast with results from earlier in vivo studies (Mosenthin et al., 1994). However, the 
method of sampling between the two studies varied significantly as Mosenthin et al. (1994) 
used T-cannulas and permanent re-entrant cannulas which required invasive surgery 
which may have influenced pancreatic secretions. Consistent with increased starch 
digestion, pectin-fed pigs had significantly higher pancreatic α-amylase activity in their 
small intestinal digesta two hours postprandially. The high pancreatic α-amylase activity 
was thought to be due to the negatively charged pectin excluding the α-amylase from the 
volume occupied by the pectin. These in vivo results reflect for the first time what has been 
previously determined in vitro (Dunaif & Schneeman, 1981). Despite trypsin activity being 
significantly reduced in the small intestine of pectin-fed pigs, protein digestion determined 
at the ileum was significantly higher. It was therefore hypothesised that this increase in 
protein digestion was due to differences in macronutrient properties. Starch particles are 
large (10 micron) while proteins are mostly soluble (<10nm). Due to size difference, the 
proteins could potentially diffuse into the pectin ‘gel’ whereas the starch particles could not. 
As a result, protein digestion was efficient as the trypsin is apparently concentrated in the 
‘gel’ (as judged by lower activity in the supernatant despite similar protein levels by 
ELISA).  
Grower pigs adapted to a diet containing two cereal SDFs, wheat AX and oat BG were 
shown to have improved glucose tolerance. Moreover, as described in chapter 6, AXBG-
fed pigs tended to have higher α-amylase activity in the proximal small intestine two hours 
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postprandially, when compared with AX or BG-fed pigs. The water holding capacity of the 
AXBG diet was lower than the AX or BG diets. It was therefore hypothesized that upon 
consumption, due to the relative different concentration of the SDFs (10% AX, 10% BG or 
5%AX and 5%BG), the AXBG diet resulted in the formation of a particulate and porous gel 
in the stomach (more viscous polymer solutions for AX or BG alone) with a low power law 
index which was less resistant to flow and as a result increased the activity of luminal α-
amylase. Thus as described in chapter 7, a subsequent pig experiment was designed to 
test for glucose tolerance. Following an overnight fast, jugular catheterised pigs were fed 
an oral glucose tolerance test (OGTT). When compared with control-fed pigs, AXBG-fed 
pigs had a delayed uptake of glucose into the systemic circulation coupled with a quicker 
return to normoglycemic levels. Furthermore, when compared with control-fed pigs, AXBG-
fed pigs had significantly lower plasma insulin concentrations following the OGTT. A delay 
in the uptake of glucose into the systemic circulation was proposed to be due to an 
acquired hormonal response as a result of pigs being adapted to the AXBG diet. 
Additionally when compared with control-fed pigs, AXBG-fed pigs following a feed 
challenge had significantly lower plasma GIP and PYY concentrations. 
Irrespective of diet, all pigs displayed a biphasic glucose curve following the OGTT, which 
suggests that they were all glucose-tolerant and insulin-sensitive (Tschritter et al., 2003). 
Despite all the pigs being young, healthy and glucose tolerant, AXBG-fed pigs were more 
tolerant to glucose and thus potentially more insulin-sensitive. These findings may have 
significant implications for those with poor glycaemic control prior to becoming insulin-
resistant, one of the conditions associated with “the metabolic syndrome”. 
This study has explored the impact of cereal and fruit SDF on elements of digestive 
physiology. Using grower pigs as a human model, it has been demonstrated that the 
presence of apple pectin decreased fat digestion yet increased starch and protein 
digestion through changes in their respective digestive enzyme activities, and increased 
gastric retention time. Further studies are needed to investigate the effect of e.g. variation 
in the degree of esterification of pectin on these physiological parameters (Wanders et al., 
2014). It has further been demonstrated that pigs adapted to the combined SDF diet 
AXBG were more glucose-tolerant and potentially more insulin–sensitive through changes 
that were associated with GIP and PYY mediations, correlating with differences in dietary 
physico-chemical properties. Further studies are needed to investigate whether feeding 
pigs diets rich in SDF, such as the AXBG diet would lead to increased insulin sensitivity in 
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addition to increased glucose tolerance. Following this, it would be beneficial to determine 
whether changes in insulin sensitivity are due to changes in pre-receptor, receptor or post-
receptor factors. The pigs used in the present study were young and healthy growers, but 
future in vivo experiments could use an obese swine model to determine the effects of 
SDF on elements of digestive physiology and health parameters. 
Figure 30 summarises the findings from the current study, which have been added to the 
physiology map concerning the effects of SDF on weight management by Slavin (2005), 
as originally introduced in chapter 2. 
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Figure 30: Updated physiology map outlining the effects of SDF on elements of digestive physiology (blue font colour - updates from the current study)
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The current study involved feeding purified fractions of SDFs from wheat, apple, and oats 
as well as whole wheat flour and mango pulp to pigs as a human model. Whilst this has 
provided a model for an integrated approach in which physico-chemical, enzymic and 
passage rate effects on elements of digestive physiology can be investigated, future 
studies should take effects of the food matrix and SDF concentrations into account, so that 
results can be extended towards more realistic human diets. Extrapolating results from 
studies using pigs as a human model have proved to be very insightful; hence the results 
from the current study provide a greater understanding of how SDFs alter elements of the 
digestive process in humans. To complement the wealth of knowledge being generated by 
epidemiological studies and controlled clinical trials relating the effects of DF to human 
health, studies using pigs as a human model should continue to supplement the human 
data with mechanistic understanding. In this way, populations living in developed and 
emerging economies could be supplied with convincing mechanistic evidence to reinforce 
current health authority advice that the pathway to leading a healthy life is to fuel the body 
with nutrient-dense foods primarily based on a wide variety of whole grains, fruits and 
vegetables.  
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Appendices 
Supplementary Material 5A-1 
 
Figure 31: Retention time/ transit time (RT/TT) of pulse dose markers Ce (A), Yb (B), La (C) and Co (D) 
passage along the gastrointestinal tract (GIT) compartments of pigs adapted to and fed a diet without 
any pectin ((☐) Control), or 15% Mango ((o) Mango) or 10% pectin (() Pectin) at the expense of 
wheat starch. Time spent in the stomach (STO) and caecum (CAE) is represented as RT, while time 
spent in SI1-4, proximal colon – distal colon (PC-DC) is represented as TT. Any interactions between 
diet and GIT site (P<0.05) are marked by an asterisk (*). Data are means ± SE.  
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Supplementary Material 5A-2 
Table 29: Two hourly outflow and influx rates (mg/2h) from stomach and small intestine respectively, 
from pigs adapted to and fed a diet without any pectin (Control), or 15% Mango (Mango) or 10% 
pectin (Pectin) at the expense of wheat starch. 
Control diet (n=9) 
Post 
marker 
dose (h) 
Stomach Small intestine1 
Pool size2 
(mg) 
Influx 
(mg/2h) 
Outflow3 
(mg/2h) 
Pool size 
(mg) 
Influx 
(mg/2h) 
Outflow 
(mg/2h) 
0 500.00 0 0 0 0 0 
2 228.53 0 271.47 97.09 271.47 174.38 
4 153.76 0 74.77 115.59 74.77 56.27 
6 76.01 0 77.76 89.28 77.76 104.07 
Pectin diet (n=7) 
Time after 
feed (h) 
Pool size 
(mg) 
Influx 
(mg/2h) 
Outflow 
(mg/2h) 
Pool size 
(mg) 
Influx 
(mg/2h) 
Outflow 
(mg/2h) 
0 500.00 0 0 0 0 0 
2 269.82 0 230.18 56.41 230.18 173.78 
4 133.54 0 117.87 169.46 117.87 4.82 
6 38.37 0 109.32 130.82 109.32 147.96 
Mango diet (n=9) 
Time after 
feed (h) 
Pool size 
(mg) 
Influx 
(mg/2h) 
Outflow 
(mg/2h) 
Pool size 
(mg) 
Influx 
(mg/2h) 
Outflow 
(mg/2h) 
0 500.00 0 0 0 0 0 
2 222.69 0 277.31 146.18 277.31 131.14 
4 104.48 0 118.21 164.21 118.21 100.18 
6 35.62 0 68.86 79.49 68.86 153.57 
1Small intestine here refers to the sum of combined SI1-4 sites. 2Pool size at 0h refers to 
the averaged feeding dose (mg) of Ce, Yb and La to the pigs, and pool size at 6, 4, 2h 
refers to Ce, Yb and La respectively, measured in the stomach or combined small 
intestinal digesta. 3Outflow rate of digesta from the stomach equals to influx rate into the 
small intestine, and is specific for each marker, fed 2h apart. 
 
